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Plasmonic nanomaterials have tunable optical properties that are exploited for 
sensing applications. When designing nanoparticle substrates, trade-offs are often made: 
sensitivity or stability, customization or cost. To narrow the gap of these trade-offs, 
research focused on optimization parameters for nanoparticle substrates. A protective 
oxide coating was introduced to heterogeneous nanoparticle surfaces to improve substrate 
robustness and chemical stability after long-term storage. In order to maintain sensitivity, 
methods to control the chemical reactivity of the substrates were optimized by improving 
the surface chemistry for favorable thin film deposition. Improved thin film deposition 
addressed the challenges of transporting nanoparticle substrates for collaborative work. A 
novel nanoparticle substrate capable of high surface enhancement for Raman 
spectroscopy and increased sensitivity to the local refractive index was also designed. 
Structural modifications of fabricated nanostructures were achieved via synthetic 
decorations to improve sensitivity while maintaining scalability. 
To increase nanostructure robustness, ultraviolet ozone (UVO) and oxygen 
plasma treatments were investigated to determine the impact of these standard cleaning 
techniques on the nucleation of alumina with atomic layer deposition (ALD) on 
heterogeneous substrates of nanostructured gold (Au) on glass. In addition to physical 
protection, introducing a protective oxide preserved the chemical reactivity of the 
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nanostructure for on-site functionalization by our collaborators. These areas of research 
addressed the challenges of transporting nanoparticle substrates over large distances and 
variable time scales. It was demonstrated that the use of oxygen plasma was detrimental 
to Au nanodisks. UVO treatments successfully cleaned Au and aged alumina surfaces for 
continued alumina deposition without damaging the structure. Alumina ALD was also 
used to probe the behavior of nanocrescent arrays from the visible to IR. Empirical and 
theoretical approaches were used to describe the behavior of the plasmonic near-field. 
By uniting top-down fabrication with bottom-up synthesis approaches, highly 
branched gold “nanomite” decorations were synthesized on fabricated gold nanoparticle 
“hosts.” To maintain scalability of fabricated structures, a one-pot synthesis was used that 
incorporated a low temperature phase to improve nucleation on the minimally crystalline 
fabricated structures. By increasing the density of plasmonic hotspots via branching, the 
response of Au nanoparticles for surface-enhanced Raman spectroscopy increased 
200-fold over undecorated structures. The nanomite synthesis is applicable to other 
fabricated systems without compromising the host nanoparticles’ inherent plasmonic 
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The plasmonic properties of gold and silver nanoparticles have been observed in 
human-made artifacts as far back as the fourth century. In the seventeenth century, 
Roman metallurgists constructed the Lyucurgus Cup, which is the earliest known 
example of dichroic glass and the rarest example of diatretum, or carved glass, 
craftsmanship. When illuminated from within, the chalice glows blood red, and when 
illuminated from the front, the chalice is jade green (Figure 1.1). The intentional 
utilization and characterization of these peculiar optical properties for nanoscale gratings 
did not resurface until the 1900s.1-3  “Plasmonics,” the term used to describe this 
particular field of science, was not formalized until 1956.4  
The gold (Au) and silver (Ag) nanoparticles in the Lycurgus Cup exhibit localized 
surface plasmon resonance (LSPR), a collective oscillation of free electrons caused by 
incident light. This optical phenomenon occurs when the wavelength of incident light is 
much larger than the diameter of the metallic nanoparticle; as the electromagnetic (EM) 
wave passes over the particle, the electric field component perturbs and repels the free 
electrons at the metal-dielectric interface. This generates coherently oscillating electrons 
that form regions of high electron density, called hotspots, which create an evanescent  
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Figure 1.1  Lycurgus Cup. Left: Illuminated from within. Right: Front lit. Reprinted with 
permission by The Trustees of the British Museum. 
 
Figure 1.2 Diagram of localized surface plasmon resonance where conduction electrons 


















wave within the near-field of the nanostructure (Figure 1.2).5 The enhanced EM field 
generated by the LSPR is sensitive to changes in the local refractive index (RI) and can 
amplify chemical signals. The signal enhancement is utilized in a variety of spectroscopic 
applications such as surface-enhanced Raman spectroscopy (SERS), infrared absorption 
(SEIRA), and in ex vivo and in vivo label-free biosensing.6-19 Because of the promising 
applications of surface-enhanced substrates, the field of LSPR substrate design and 
application has been growing rapidly. One organization that is focused on the utilization 
of these structures to probe single chemical events in real space and time is the Chemistry 
at the Space Time Limit (CaSTL) Center for Chemical Innovation.  
The National Science Foundation funded CaSTL Center is focused on 
collaborative work between several groups at Northwestern University, University of 
Utah, University of California Irvine, Penn State, and University of Pittsburgh. In 
collaboration with this Center, my research has focused on manipulating the near-field of 
Au plasmonic nanoparticles (PNPs) for high surface-enhancement and protecting 
nanostructures for time-resolved measurements. I have also focused on investigating 
methods to maintain the chemical reactivity of nanoparticle surfaces for onsite 
functionalization. In addition to being fundamentally interesting to the field of 
plasmonics, these areas of research address the challenges of transporting nanoparticle 
substrates over large distances and variable time scales (days to weeks). When a metal 
nanoparticle sample is fabricated, it must be chemically and physically stable for 
transport from Utah to any one of the Center’s locations. There is also the possibility that 
some form of chemical functionalization needs to occur onsite prior to spectroscopy and 
so the surface chemistry of the structure must be known. It has been my goal to develop a 
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novel nanoparticle substrate capable of high surface enhancement for a broad EM range 
and develop an alumina thin-film methodology to protect nanostructures from rigorous 
analysis performed by the CaSTL Center while maintaining high sensitivity for 
spectroscopic applications.  
 
1.1 Surface Enhancement Strategies 
There are many current strategies used to enhance the sensitivity of nanoparticles 
for sensing applications.  Three of these are detailed by Guo et al. in a thorough review.20  
They identified (i) refractive index sensing, (ii) plasmon coupling, and (iii) nanoparticle 
growth as the most predominant methods of LSPR sensing. For refractive index 
(RI)-based sensing, the broad categories of composition, size, shape, assembly, and 
resonance coupling can be tuned to increase sensitivity and spectral range. The 
composition of the plasmonic nanostructure is highly dependent on the application and 
wavelength regime. Generally, noble metals are preferred because they are least 
susceptible to environmental corrosion and, due to the cost and ease of fabrication, silver 
(Ag) and gold (Au) are the most common plasmonic materials. Gold is a specifically 
advantageous material due to its stability in biosensing applications.6 Other non-noble 
metals are also used; for example, aluminum is used for ultraviolent (UV) plasmonics due 
to its relatively low losses compared to Ag and Ag in the UV.21-23 Beyond composition, 
the shape of a nanoparticle improves refractive index sensing and overall sensitivity via 
antenna effects: sharp-tipped nanostructures confine the electric field to a smaller 
volume, which leads to larger field enhancements.24  
The second predominant method, plasmon coupling, can be used for colorimetric 
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sensing (LSPR shift) by increasing aggregate size via enzyme, antibody, protein, and/or 
nanoparticle coupling. By minimizing the distance between nanoparticle aggregates, a 
stronger local coupling occurs, which can be observed using scattering signals with 
methods like dark-field microscopy. Among plasmon coupling techniques are methods 
that combine top-down and bottom-up fabrication methods to take advantage of the 
strong local field of coupled nanoparticles. Using a nanorod-impregnated, thermos-
responsive polymer, Nguyen et al.25 developed a nanotriangle array that uses the 
enhancement created by coupling nanorods with the nanotriangle surface. As the 
temperature changes, the polymer contracts and brings the two plasmonic particles 
together which then alters the LSPR. 
The final strategy for sensing is to control nanoparticle growth. In these methods, 
enzyme catalyzed reactions are used to alter the presence of reducing agents that changes 
the sizes of the nanoparticles. This work has primarily involved deoxyribonucleic acid 
(DNA) targets, which has shown improved sensitivity over traditional fluorophore 
techniques by nearly two orders of magnitude.26-27  
Beyond the overall sensing strategies outlined above, the symmetry of 
nanoparticles and nanoparticle assemblies also plays a role in application. For example, 
anisotropic plasmonic structures support multiple resonance modes across a broad 
spectral range. When these structures are arrayed in nonrandom, repeating orientation, the 
resonance modes are polarization-dependent and can be used as substrates for multiple 
probe and sensing techniques.28-30 The efficacy of the various techniques depends on the 




1.1.1 Bottom-Up Synthesis 
Bottom-up nanoparticle production uses synthetic techniques to develop an 
astounding variety of shapes via facet passivation. Synthesis of Au nanoparticles can take 
many forms: coprecipitation, chemical reduction, photochemical reduction, thermal 
decomposition, and others.28, 31-38 To increase signal enhancement of synthetic 
nanoparticles, structures can be randomly aggregated or dimerized in a controllable 
fashion. Both techniques generate nanogaps that are known to have highly concentrated 
EM fields.39-41 Another option is to generate sharp tips to confine the EM near-field. 
Nanorods, prisms, and nanostars are among the many possible synthetic routines.37, 42 In 
general, there are two methods of synthetic design: seed and non-seed growth. The use of 
the traditional seed method relies on the passivation of crystalline facets of preformed 
nanoparticles that leads to reduction of the Au precursor in a specific orientation. Due to 
the need for seed nanoparticles, multiple purification steps are required. Non-seed 
strategies, or “one-pot” syntheses, have the benefit of fewer steps, and therefore fewer 
reactants to purify from the completed nanostructures.43-44 Facet passivation is well-
studied and many different geometries have been developed in addition to nanostars 
including nanocubes, nanorods, dumbbells, and dog bones.37, 45-48 Using different capping 
agents, reactions can be run sequentially to target different facets or deposit additional 
metals. 
While synthetic nanoparticles can have very sensitivity LSPR responses to ideal 
analyte conditions and solutions, they are vulnerable to complex solutions. Generally, 
solutions with high pH, high ionic strength, or biological salt conditions lead to 
nanoparticle instability. This is a particular problem for surface-enhanced Raman 
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scattering (SERS), where particle instability leads to undesired aggregation, and thus 
signal fluctuation and poor reproducibility.49 Nanostars, one of the most promising SES 
synthetic substrates, are only stable in solution for 5 h to 3 weeks depending on synthesis 
protocol, limiting their commercial viability.43, 50-51 To overcome these issues, patterned 
SES substrates using top-down fabrication have been used to control nanoparticle 
aggregation and increase reproducibility.52-53  
 
1.1.2 Top-Down Fabrication  
Top-down approaches to nanoparticle fabrication begin with bulk material that is 
physically scaled via vapor deposition (typically with nanoscale templates), laser 
generation, or direct write techniques. Top-down fabrication generates nanoparticle 
substrates that are well-ordered and not prone to aggregation. As a general rule, 
nanostructures are prepared by templating or periodic array writing and fixed to a solid 
substrate. Exceptions to this rule are laser-ablation and grinding techniques which are 
used to generate high yields of nanoparticles through films. However, the nanoparticle 
shape is limited and, until recently, the laser-ablation techniques lacked size control.12, 23, 
54-57 The most popular techniques for plasmonics are electron-beam lithography and 
colloidal lithography. Electron-beam lithography is used to direct-write periodic arrays 
but it is expensive and has a low yield. Two colloidal lithography techniques, nanosphere 
lithography (NSL) and nanosphere template lithography (NTL), are low cost, high yield 
techniques that use inexpensive polystyrene nanosphere templates to generate a variety of 
shapes in either arrayed or dispersed patterns.23, 56-60  
Most colloidal lithography techniques use similar procedures in slightly different 
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sequences to introduce novel shapes and geometries. In NSL, nanosphere templates are 
deposited on a substrate followed by metal deposition. The metal deposits into the 
interstitial between the close-packed nanosphere templates and when the templates are 
removed the metal remains in the shape of a nanotriangle (Figure 1.3A). Using NSL, 
Van Duyne has established the use of silver nanotriangles as a viable SERS substrate.5, 52, 
55, 61 The Shumaker-Parry group has specialized in the fabrication of nanocrescents (NC) 
using NTL and copper mask-NTL.23, 57 In the NTL process, NCs are fabricated using 
precise angles and template shrinking to in-fill the shadow of the template with metal 
(Figure 1.3B).57, 60 After template deposition, metal is deposited at an angle. The substrate 
is etched normal to the surface to remove any material not covered by the template. When 
the template is removed, metal remains in the former shadow of the nanostructure as a 
nanocrescent. The sharp tips generate strong near-fields, which is ideal for surface-
enhanced spectroscopies.28, 62 By using the polarization anisotropy of nanocrescents 
(NCs), the resonance modes can be induced by controlling the wavelength and 
polarization of the incident field, which is ideal for CaSTL applications.23, 60, 62-65 By 
changing the metal, angle of metal deposition, size of the template, and rotation during 
metal deposition, nanocrescents can easily be tuned from the UV to the IR.23, 64-65  Other 
colloidal lithography techniques change the order of template and metal deposition to 
access new structures such as rings and nanodisks (Figure 1.3C and D).10-11 
 
1.2  Nanoparticle Protection: Atomic Layer Deposition 
Plasmonic nanoparticles have disadvantages related to high surface sensitivity and 



















Figure 1.3. Colloidal template lithography depicting; (A) fabrication of nanotriangles via 
nanosphere lithgraphy, (B) fabrication of nanocrescents via nanosphere template 
lithography and (C) nanorings and (D) nanodisks. 
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structures, as PNPs lose their distinctive LSPR or enhancement over time due to 
structural degradation from cleaning or aggressive spectroscopies. For example, 
nanoparticles are generally not reusable for methods such as femtosecond(fs)-laser 
excitation because the sharp tips will deform.66 Another challenge is their poor shelf life 
due to changes in surface properties over very short periods. The relative hydrophobicity 
and wettability of a metal is an important factor and can be impaired with time: the 
surface of Au will develop oxide layers and adsorb hydrocarbons, both of which decrease 
sensitivity and increase hydrophobicity.67-69 In addition to sensitivity concerns, it is 
important to maintain native surface properties because many applications of PNPs 
require surface modification of the Au structures.  There is also interest in using the near-
field to enhance signals but concern over the influence of the near-field on the chemistry 
itself. By introducing an oxide spacer, the metal surface is distanced from the molecules 
or reaction being interrogated allowing the system to be probed without being impacted 
by the strong EM near field of the nanoparticle. Currently, evidence of “hot-electrons” 
and plasmon mediated chemistry is being proposed by some.70-71 The use of the oxide 
spacer to potentially control these effects may be necessary in the future. 
In the past, these challenges limit the use of PNPs in surface-enhanced 
spectroscopy and sensing. However, these challenges have been largely overcome by 
incorporating an ultra-thin, defect-free protective coating that is able to cover complex, 
high aspect ratio structures over large surface areas via atomic layer deposition (ALD). 
ALD provides excellent spatial resolution due to the ability to deposit angstrom-thick 
monolayers of Al2O3. A conformal thin film is achieved via sequential self-limiting 
surface reactions of trimethylaluminum (TMA) and water resulting in an Al2O3 film.72-73 
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The driving force of the reaction is the strong formation of the Al-O bond. With a 
reaction enthalpy of -1573 kJ/mol, ALD of Al2O3 is one of the most energetically 
favorable for any ALD process.74 The overall reaction is: 2 𝐴𝐴𝐴𝐴 (𝐶𝐶𝐶𝐶3)3 + 3𝐶𝐶2𝑂𝑂 → 𝐴𝐴𝐴𝐴2𝑂𝑂3 + 3𝐶𝐶𝐶𝐶4 Δ𝐶𝐶 =  −1573 kJ/mol (1.1) 
This highly favorable enthalpy also makes Al2O3 the most widely used low-temperature 
ALD system. Additionally, the growth of Al2O3 is one of the most  understood 
mechanisms in atomic layer deposition and many of methods have been used to confirm 
the process.72-75  
The physical robustness of Al2O3 protected structures has been documented for 
fs-laser excitation of sharp-tipped nanotriangles and for thermal cleaning treatments up to 
400 °C of island films.19, 66 These studies have shown that Al2O3 protected structures 
retain morphology and physical properties under harsh experimental and cleaning 
conditions. Despite the many benefits of this system, Al2O3 deposition comes with its 
own considerations.  
On most metal surfaces, Al2O3 films form via island growth; nucleating at a few 
defect sites from which the islands grow together after several deposition cycles to 
coalesce into a film.74 Island growth can lead to pinhole defects when the islands do not 
completely coalesce. Island growth can also lead to irregular surfaces if the film nucleates 
inefficiently due to surface chemistry mismatch. For example, on hydrophobic, -CH3 
terminated self-assembled monolayers (SAM) surfaces, Al2O3 nucleation occurs via 
water droplets on the surface that lead to dome-like structures. On a hydrophilic surface 
of OH-SiO2, water droplets do not form due to increased wettability resulting in a smooth 
surface after deposition. The difference in surface wettability of the hydrophobic and 
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hydrophilic surfaces highlights the need to control surface nucleation to maintain 
atomically smooth morphologies.76 
Temperature also plays in an important role in the nucleation and growth per 
cycle (GPC) of alumina (Al2O3). At very low temperatures, the GPC is low and purge 
times must be increased due to slow surface reaction kinetics and low vapor pressure of 
the reactants.77 At high temperatures, there is a lower hydroxyl group concentration due 
to dehydroxlyation, which leads to lower GPC due to inferior nucleation. High-
temperature depositions can also be problematic for sharp-tipped nanostructures due to 
the low melting point of nanostructured Au. Therefore, low-temperature ALD is favored 
for PNPs. 
Thin films for PNPs are balanced between thermal and physical protection (which 
favors thicker films) and sensitivity of the plasmonic near-field (which favors thin films). 
Due to the evanescent decay of the plasmonic near-field, the surface enhancement drops 
off exponentially as the analyte of interest is removed from the metal surface.  In order to 
establish defect-free, ultrathin films at low temperatures, the nucleation of Al2O3 must be 
controlled via surface cleaning and preparation.  Al2O3 thin films and bulk Au films are 
both well-studied systems and achieving hydrophilic bulk Au surfaces is a well-known 
process.67, 78-79 However, the interaction of these cleaning techniques on nanostructured 
surfaces is not well-studied. To understand why Al2O3 nucleation needs to be studied on 
nanoparticles as intensively as it was studied on bulk films, one needs to understand the 
source of defects in films. 
On polished copper (Cu) surfaces, the defect density of Al2O3 via ALD is 
8 defects cm-2.80 On an evaporated aluminum (Al) film, which is inherently terminated in 
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Al2O3, the defect density is 6000 defects cm-2.81 The key difference between evaporated 
Al and polished Cu is the surface roughness. Using atomic force microscopy, copper-
plate electrodeposition, and water vapor transmission rates, a relatively low-temperature 
(80 °C) ALD study was performed on copper and calcium (Ca) films to determine the 
defect rate as a function of Al2O3 thickness.81-83 The authors found that defects would 
form in any region where there was a step-edge in the surface. When depositing a 5 nm 
Al2O3 film on calcium, a 7 nm step-edge of the Ca film always resulted in defects of the 
alu Al2O3. The defects were attributed to poor Al2O3 nucleation or increased 
condensation. The critical thickness for the Al2O3 film was 25 nm: at this thickness, the 
defect density compared to film thickness was no longer linearly dependent. For PNPs, 
25 nm is well beyond the reach of the plasmonic near-field which eliminates utility of 
surface-enhanced sensing. Most research evaluating the use of Al2O3 coatings for PNPs 
focuses on 1 to 5 nm coatings due to the rapid plasmonic decay off after 5 nm.19, 66 For a 
nanostructured surface, the roughness is extremely high and every contour of the 
nanoparticle becomes an opportunity for thin-film defects. Therefore, finding ways to 
decrease defect density while maintaining a < 5 nm thin film is crucial to the long-term 
use of PNPs.  
 
1.3  Dissertation Outline 
1.3.1 Surface Preparation of Gold Nanostructures 
Chapter 1 details the investigation of two methods for Au nanoparticle (AuNP) 
surface preparation: oxygen plasma and UVO treatment. Both techniques have surface 
chemistry benefits and are used extensively in chemistry and engineering to generate the 
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hydrophilic surfaces needed for uniform Al2O3 deposition.67, 79, 84 At room temperature, 
UVO treatments result in a rapid loss of surface bound hydrocarbons and oxycarbons, 
and treated Au films are stable to repeated rinses with water and ethanol without changes 
to surface morphology.85 Oxygen plasma is used in microelectromechanical systems 
fabrication to clean surfaces without increasing surface roughness.79 The benefits of 
oxygen plasma on Au films include the prevention of protective Au2O3 layer removal and 
negligible mechanical erosion.86 However, there have been conflicting reports on the 
impact of oxygen plasma on nanoparticles.87-88 Using the LSPR response and physical 
evidence shown by scanning electron microscopy, it was established that oxygen plasma 
treatments are detrimental to nanoparticles. Moreover, we proposed the use of UVO to 
clean heterogeneous Au nanoparticle surfaces as a superior technique for preparation of 
thin film deposition when a hydrophilic surface is required. 
 
1.3.2 Near-Field Behavior of Nanocrescents from the Visible to Mid-IR 
In order to rationally design and manipulate the physical and chemical properties 
of nanoparticles, the relationship between the physical properties and the optical 
properties of the nanostructure need to be fully understood. Chapter 2 uses ALD of Al2O3 
to show the decay-length dependence and behavior of polarization-dependent resonance 
modes of Au nanocrescents over a broad spectral range. Finite-difference time-domain 






1.3.3 Nanomite Synthesis 
Nanostars have the largest signal-enhancements in plasmonics due to the 
sharpness and large number of tips per particle. However, aggregation is a significant 
challenge that has hindered their further development. To overcome this challenge, top-
down fabrication methods have been used to design substrates that are not sensitive to 
environmental factors that contribute to aggregation. 
Chapter 4 describes the development of a hybrid substrate that uses affordable and 
simple methods from both top-down fabrication and bottom-up synthetic techniques. To 
avoid using expensive electron-beam lithography or other traditional, time-intensive 
lithographic techniques, nanosphere lithography (NSL) was employed. NSL is a simple 
two-step process of polystyrene nanosphere template deposition and Au evaporation to 
generate a well-patterned array of nanotriangles.58 Using a one-pot synthesis, the 
nanostructure array acted as the seed, or “host,” for a nanostar-based synthesis that did 
not require any additional purification beyond rinsing the solid substrate. The 
combination of these two techniques generates fixed substrates with branched 
decorations, or “nanomites.”  
 
1.3.4 Nanomite Spectroscopy 
Chapter 5 shows the preliminary spectroscopic applications of nanomite 
decorated Au nanotriangles and Au nanocrescents arrays.  By using arrayed structures, a 
large surface density substrate is fabricated that can be used for spectroscopy, and the 
optical properties of the host nanoparticle maintain polarization dependence resonance 
modes. The combined fabrication/synthesis technique allows any fabricated nanoparticle 
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to be used as a host for the synthesis of branched nanoparticles to improve sensitivity for 
refractive index sensing and increase enhancement for SERS. 
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  CHAPTER 2
 
SURFACE PREPARATION OF GOLD NANOSTRUCTURES ON 
GLASS BY ULTRAVIOLET OZONE AND OXYGEN PLASMA 
FOR THERMAL ATOMIC LAYER DEPOSITION OF AL2O3 
 
2.1 Prelude 
Published and reprinted with permission from Lancaster, C. A.; Shumaker-Parry, 
J. S. Surface preparation of gold nanostructures on glass by ultraviolet ozone and oxygen 




Thin film deposition to create robust plasmonic nanomaterials is a growing area 
of research. Plasmonic nanomaterials have tunable optical properties and can be used as 
substrates for surface-enhanced spectroscopies. Due to the surface sensitivity and the 
dependence of the near-field behavior on structural details, degradation from cleaning or 
spectroscopic interrogation causes plasmonic nanostructures to lose distinctive localized 
surface plasmon resonances or exhibit diminished optical near-field enhancements over 
time. To decrease degradation, conformal thin films of alumina are deposited on 
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nanostructured substrates using atomic layer deposition. While film growth on 
homogenous surfaces has been studied extensively, atomic layer deposition-based film 
growth on heterogeneous nanostructured surfaces is not well characterized. In this report, 
we have evaluated the impact of oxygen plasma and ultraviolet ozone pre-treatments on 
Au nanoparticle substrates for thin film growth by monitoring changes in plasmonic 
response and nanostructure morphology. We have found that ultraviolet ozone is more 
effective than oxygen plasma for cleaning gold nanostructured surfaces, which is in 
contrast to bulk films of the same material. Our results show that oxygen plasma 
treatment negatively impacts the nanostructure and alumina coating based on both SEM 
analysis of morphology and changes in the plasmonic response. 
 
2.3 Introduction 
At the nanoscale, materials exhibit different electrical, conductive, optical, and 
mechanical properties. One example of a nanoscale optical phenomenon is the localized 
surface plasmon resonance (LSPR) response of metal nanoparticles. In the presence of 
electromagnetic (EM) waves, coherent oscillations of electrons in metal nanoparticles 
lead to wavelength selective absorption and scattering of light as well as locally enhanced 
EM fields around the particles.[1] The LSPR response is highly dependent on the 
structural properties and dielectric environment of the nanoparticles and this behavior has 
formed the basis for using metal nanoparticles in sensing and spectroscopy 
applications.[2-6] Due to the strong dependence on structural characteristics, plasmonic 
nanoparticles can lose distinctive LSPR responses and EM fields enhancements may 
diminish over time due to structural degradation from functionalization or cleaning 
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procedures. In addition, exposure of the metal nanostructures to high-energy femtosecond 
lasers also often leads to deformation or melting of metal nanostructures, especially when 
plasmons are induced leading to focusing of the incident intensity due to plasmonic 
antenna effects.[7] Degradation of the surface of nanoparticles limits shelf life (i.e. 
storage under N2, etc.), especially due to oxidation processes of materials such as silver 
and adsorption of molecules from the surrounding environment leading to changes in 
surface properties over very short time periods. In order to inhibit or avoid surface 
degradation and structural damage, incorporation of ultra-thin protective coatings to 
cover complex, high aspect ratio structures over large surface areas has been 
investigated.[7-9]  
One approach to introduce a thin protective coating is atomic layer deposition 
(ALD) of alumina (Al2O3).  In ALD of alumina, a sub-nanometer conformal thin film is 
deposited by self-terminating reactions of trimethylaluminum (TMA) and water via a 
well-understood mechanism. [10-13] ALD-based film deposition is an especially good 
approach for protecting plasmonic nanostructures because the near field enhancements 
decay rapidly, on the order of a few nanometers to tens of nanometers from the surface. 
The physical robustness of Al2O3 protected metal nanostructures has been documented 
for femtosecond laser excitation[7] and for thermal cleaning treatments up to 400 °C.[9] 
These studies have shown that Al2O3 protected structures retain morphology and 
plasmonic properties under harsh experimental and cleaning conditions. While these 
alumina ALD studies are done on nanostructured surfaces, there is yet no research into 
the quality of the alumina film covering the nanostructures, unlike in Al2O3 film coverage 
of continuous metal films on substrates which has been studied more extensively.[14, 15] 
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On most continuous metal surfaces, an Al2O3 film forms via island growth, 
nucleating at a few defect sites from which the islands grow together after several 
deposition cycles to eventually form a film.[10] This type of growth can lead to pinhole 
defects and irregular surfaces and is especially problematic for fabricated gold 
nanoparticles. After a few minutes of exposure to air, gold becomes hydrophobic due to 
surface adsorption of species in the environment, which can negatively impact alumina 
deposition.[16, 17]  One approach to establish defect-free alumina films is through 
control of the TMA nucleation by increasing the hydrophilicity of the gold substrate 
using surface cleaning techniques. However, surface modification is more challenging for 
a heterogeneous surface such as metal nanostructures supported on a substrate because of 
the presence of different materials (i.e., the nanostructures and the underlying substrate). 
With increasing interest in thin film deposition on heterogeneous nanostructured surfaces, 
it is important to take into account the unique properties the nanoscale regime offers. 
Modification of the metal nanoparticle structure leads to changes in the LSPR response, 
which ultimately impacts any application based on tailoring the optical properties through 
control of structural features. Sub-nanometer controlled deposition of a reproducible, 
defect-free ultrathin film is necessary, especially when the desired application depends on 
accessing the exponentially decaying EM near-field. Ideally, the surface preparation 
needs to leave the underlying nanostructure undamaged while also yielding a defect free, 
ultra-thin film.  
Two surface preparation techniques, oxygen plasma and ultraviolet-ozone (UVO), 
are used extensively in fabrication to remove hydrocarbon contaminants from bulk Au 
and Si surfaces and from nanostructured surfaces.[14, 18-23] Both techniques generate 
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hydrophilic surfaces, which is ideal for Al2O3 deposition. However, the comparative 
impact of these techniques on nanostructured surfaces with different materials exposed 
(e.g., gold and SiO2) has yet to be examined to the same extent as has been observed for 
uniform Au films or silicon surfaces. Recently, reports have indicated that  oxygen 
plasma can be destructive to Au nanoparticles (AuNPs) [24, 25] but others have argued 
that the plasma does not alter the AuNP surface or damage only happens under very 
aggressive conditions.[21] In the case of UVO cleaning of surfaces, early studies were 
conducted for continuous planar metal films, but the assessment of the impact of UVO 
cleaning has not been extended to nanostructured surfaces. 
In this report, fabricated plasmonic Au nanodisks (AuNDs) on glass were used as 
the model heterogeneous nanostructured substrate to investigate the effects of oxygen 
plasma compared to UVO treatment as a surface preparation process for Al2O3 thin film 
deposition. Due to the surface sensitivity of the LSPR response of AuNDs, any changes 
of the structure (shape changes, etching effects, etc.) as well as the local environment of 
the structure (the alumina film), can be monitored with UV/vis spectroscopy. Our studies 
demonstrate that when oxygen plasma cleaning procedures used for bulk metal films and 
glass or silicon substrates are applied to nanostructures, the process significantly alters the 
surface of gold nanostructures, as observed by changes in the LSPR response based on 
transmission UV-vis spectroscopy measurements and structure morphology from 
scanning electron microscopy analysis.  Subsequently, damaging of the nanostructures 





2.4  Experimental Details 
  Fabrication 2.4.1
Nanosphere template lithography coupled with ion beam milling was used to 
fabricate gold nanodisks (AuNDs) and has been described elsewhere. [26-28] Briefly, 
using an electron-beam evaporator (Denton SJ20C Vacuum USA, Moorestown, NJ), a 35 
nm gold film as measured by a quartz crystal microbalance (XPC2 Inficon, East 
Syracuse, NY) was deposited (1 Å/s; normal to the substrate surface) under high vacuum 
(1.3 x 10-7 Pa or 1.0 x 10-6 Torr)  onto 1 in. x 1 in. glass slides. A 0.01 % w/v solution of 
220 ± 17.6 nm polystyrene beads (Polysciences, Inc.) was spin cast (900 rpm, 35 sec) on 
the Au films. An argon ion milling system (PlasmaLab 80 Plus, Oxford Instruments) was 
used to remove the Au film at a power of 100 W and flow rate of 10 sccm. The 
polystyrene spheres serve as templates by shielding portions of the Au from the ion beam 
milling, producing nanodisks. The polystyrene beads were then removed by lift-off using 
transparent tape, and the samples were stored under nitrogen. 
 
  Atomic Layer Deposition 2.4.2
A Cambridge NanoTech Fiji F200 Plasma (Cambridge, MA) ALD reactor was 
used to grow an Al2O3 film on the AuNDs and glass substrate. TMA and water were 
pulsed alternately in a nitrogen carrier stream using a growth temperature of 33 °C and 
base pressure of 213 Pa (1.6 mTorr). The process occurred in four steps: (1) 0.06 sec 
pulse of water, (2) 60 second purge with nitrogen, (3) 0.06 second pulse of TMA, (4) 10 




  Cleaning Treatments 2.4.3
AuNDs and alumina-coated AuNDs (Al2O3-AuNDs) were exposed for 10 minutes 
with either UVO (Jelight 342, Irvine CA) or oxygen plasma (PlasmaLab 80 Plus, Oxford 
Instruments) at 10 sccm, 75 W and a base pressure of 25 mTorr. The commercial UVO 
system produces 28 mW/cm2 at 5 mm (operating distance from lamp) at ambient 
pressure. An exhaust assembly with blower attachment was used to maintain a positive 
flow of media through the system. 
 
  Characterization 2.4.4
The optical properties of the AuNDs were characterized by transmission UV-vis 
spectroscopy. Extinction spectra were collected with a Perkin-Elmer Lambda 750 UV/vis 
spectrophotometer with 100 % angular controlled s-polarized light. The λmax was 
determined using Spectrum software and the center of gravity function with all unaltered, 
as-fabricated disk samples. Scanning electron microscopy (SEM) (FEI NovaNano 630 
equipped with a Helix detector) was used to analyze film deposition and structural 
changes of bare and alumina coated AuNDs. 
 
  Contact Angle Measurements 2.4.5
Images of 10 μL drops of Nanopure deionized water were collected with a c525 






2.5  Results and Discussion 
We investigated the utilization of UV ozone (UVO) and oxygen plasma for 
surface preparation of a heterogeneous nanostructured surface comprised of gold 
nanodisks (AuNDs) supported on glass for ALD-based alumina film growth.  Oxygen 
plasma for cleaning is generated by converting oxygen gas into monatomic oxygen and 
oxygen ions and radicals by radiofrequencies at low pressure. The ions and radicals react 
with hydrocarbons, either C-C or C-H bonds, to form H2O, CO, and CO2 which are then 
pumped out of the system. The high kinetic energy of the ions can lead to sputter-etching 
of surfaces when they collide, but this is typically considered a more minor secondary 
process. For UVO cleaning, atmospheric air is exposed to UV light to form reactive 
species. Molecular oxygen dissociates into oxygen anions at 184.9 nm and these anions 
can then form ozone by reacting with O2. Ozone absorbs radiation at 253.7 nm and forms 
3[O]-. These ions react with hydrocarbons and generate volatile molecules that 
subsequently desorb from the surface.  
We studied the impact of UVO and oxygen plasma cleaning on the nanostructures 
and ALD film growth by electron microscopy analysis of the AuNDs and by monitoring 
the plasmonic response of the AuNDs. Two sets of AuNDs were cleaned with either 
UVO or oxygen plasma and these were compared to a control set that was left untreated 
prior to each of two Al2O3 depositions. The optical properties of the three sets (n=9 
samples per set) of 35-nm-thick AuNDs were collected by extinction spectroscopy at 
three different time points: after fabrication (λmax), after the initial cleaning and Al2O3 
deposition (λALD1), and after the second cleaning and Al2O3 deposition (λALD2). Each 
Al2O3 deposition was prefaced with the designated cleaning treatment. The time between 
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the fabrication of the AuNDs and the initial cleaning and deposition was 24 h.  The initial 
Al2O3 deposition was 200 AB cycles, which ideally would deposit an 18 nm-thick Al2O3 
film. After optical analysis with UV/vis spectroscopy, all samples were kept in sealed 
storage jars for one month to model shelf storage. After the one month storage, samples 
were cleaned as described (untreated, oxygen plasma, or UVO) and a second Al2O3 
deposition of 50 AB cycles was performed which would ideally deposit a 4.5 nm-thick 
Al2O3 film. This second deposition evaluates the effectiveness of the cleaning techniques 
to prepare an aged Al2O3-coated Au nanostructured surface for an additional film 
deposition via ALD.  
 
  Hydrophobicity of Treated Films 2.5.1
While the hydrophobicity of UVO and oxygen plasma treatments has been 
studied, we qualitatively evaluated Au films and  nanostructured substrates to compare 
with the trends reported in literature based on the cleaning techniques used here[17]. An 
evaporated Au film was stored in a sealed jar for 24 h. After this time period, the film had 
a contact angle of 94°; after treatment with UVO (10 min.) the surface was completed 
wetted by a 10 μL drop of deionized water. A separate film that was fabricated at the 
same time, under the same conditions, was treated with an oxygen plasma (10 min.) and 
had a water contact angle of 10°, suggesting a slightly more hydrophobic surface than the 
surface treated with UVO. It is important to note that the contact angle measurement was 
carried out 4 h after oxygen plasma treatment.  
AuND samples stored for 24 h had water contact angles of 49°, showing that the 
nanostructured surface became more hydrophobic during that time, though not as 
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significantly as the Au films. After UVO treatment, the AuNDs supported on glass were 
completely wetted by 10 μL drop of deionized water. After oxygen plasma exposure (4 
hour delay between exposure and measurement) the contact angle was 17°.  The oxygen 
plasma treatment on the heterogeneous AuNDs was less effective than the oxygen plasma 
treatment on the Au film as evidenced by the larger contact angle. This difference 
highlights the fact that these cleaning treatments do not necessarily lead to the same 
outcomes for bulk films and heterogeneous surfaces and the different physical properties 
of these surfaces need to be accounted for when fabricating thin films over 
nanostructured substrates.  
 
  LSPR Characterization of Nanostructure Changes 2.5.2
The LSPR response of the AuNDs depends on the local materials (Au 
nanostructures and Al2O3) and the response is used to gain an understanding of surface 
changes by monitoring shifts in the LSPR peak using UV/vis spectroscopy (Figure 2.1). 
Angstrom scale depositions of alumina can be detected by monitoring changes in the λmax 
due to the sensitivity of the LSPR to the addition of the material on the surface of the 
nanostructures [29, 30]. Specifically, AuNDs are sensitive to a change in refractive index 
(RI). As alumina (RI = 1.63) is deposited, there is a red shift in the λmax and if alumina is 
removed from the AuND surface, there is a blue-shift in the LSPR response. LSPR can 
also be used to probe changes to the underlying nanoparticle structure because the LSPR 
is highly dependent on metal nanostructure shape parameters (diameter, height, shape). If 
the structure is made smaller by etching, the LSPR response blue shifts; as a general rule, 


















Figure 2.1 LEFT: SEM of AuNDs on SiO2 after 250 AB cycles to create 
a an Al2O3 film; (A) untreated sample with no cleaning process before 
Al2O3 deposition; (B) oxygen plasma treated before Al2O3 deposition; 
(C) UVO treated before Al2O3 deposition. Scale bar is 500 nm. RIGHT: 
Spectra of AuNDs immediately after fabrication (solid line), after 200 
AB cycles of Al2O3 deposition (dashed line), and after an additional 50 
AB cycles of Al2O3 (dotted line); (D) untreated sample with no cleaning 
process before Al2O3 depositions; (E) oxygen plasma treated before 






































Therefore, LSPR response of the AuNDs is used to probe film formation with high 
sensitivity as well as nanostructure fidelity. The initial λmax of the unaltered AuNDs 
ranged from 952-980 nm. Figure 2.1 shows SEM images of the final Al2O3-AuNDs and 
spectra of representative samples immediately after fabrication (solid line), after 200 AB 
cycles of Al2O3 deposition (dashed line), and after 50 AB cycles of Al2O3 addition 
(dotted line). The average LSPR peak shift for the first 200 AB depositions is 
summarized in Table 2.1 as ΔλALD1-max and the peak shift after the second alumina 
deposition of 50 AB cycles is summarized as ΔλALD2-ALD1.   
The freshly prepared AuNDs supported formation of an alumina film. The 
untreated AuNDs (spectra Figure 2.1D) exhibited an average ΔλALD1-max of 80.8 ± 2.4 nm 
for the first Al2O3 film deposition (Table 2.1). After the AuNDs were stored for 1 month, 
we attempted to form a second alumina film. After 50 AB cycles of Al2O3 deposition, the 
untreated AuNDs had an average LSPR shift of ΔλALD2-ALD1 of 0.3 ± 3.3 nm (n=8 
samples). This suggests that the Al2O3 surface of the untreated samples did not maintain a 
clean surface capable of ideal Al2O3 nucleation and growth after 1 month of storage.  
Oxygen plasma treated AuNDs (Figure 2.1E) had a ΔλALD1-max of 59.2 ± 4.1 nm. 
The red shift indicates that material was deposited on the AuNDs, but less than the 
Table 2.1 LSPR λmax shift of all AuNDs (n = 9) after cleaning treatment and Al2O3 
deposition, with the exception of the untreated ΔλALD2-ALD1 where n = 8. 
 ΔλALD1 – max (nm) ΔλALD2-ALD1 (nm) ΔλTotal (nm) 
Cleaning 
Procedure ?̅?𝜆 ± σ ?̅?𝜆 ± σ ?̅?𝜆 ± σ 
Untreated 80.8 ± 2.4 0.3 ± 3.3 77.5 ± 12.1 
Oxygen plasma 60 ± 4.1 -48.6 ± 8.6 10.6 ± 11.9 
UVO 82.0 ± 2.3 11.2 ± 0.7 93.2 ± 2.4 
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untreated or UVO treated AuNDs. After one month of storage, a second cleaning process 
and 50 AB cycles of alumina deposition, the LSPR response blue-shifted with a 
ΔλALD2-ALD1 of -48.6 ± 8.6 nm. Based on the blue shifted LSPR response, we suspected 
that the Al2O3 surface of the oxygen treated samples did not support Al2O3 nucleation and 
Au or Al2O3 was likely removed during exposure to the oxygen plasma. The reason for 
this conclusion will be discussed in more detail below. 
UVO treated AuNDs (Figure 2.1F) had a ΔλALD1-max of 82.0 ± 2.3 nm after the 
first cleaning treatment and alumina film growth. After the one month of storage, a 
second cleaning treatment and 50 AB cycles of Al2O3 deposition, the UVO treated 
AuNDs exhibited a ΔλALD2-ALD1 of 11.2 ± 1 nm. Thus, the UVO treatment of the AuNDs 
led to alumina film formation after both cleaning treatments, even after storage of Al2O3-
coated AuNDs. Compared to the untreated and oxygen-plasma cleaned AuNDs, the UVO 
treatment led to consistent Al2O3 film nucleation and consistent, reproducible growth.  
The untreated laboratory stored AuNDs and the UVO cleaned AuNDs exhibited 
similar LSPR responses, 80.8 and 82.0 nm red shifts, respectively, after the addition of 
Al2O3 in the first deposition. The similar response for untreated (Figure 2.1A and D) and 
UVO treated (Figure 2.1C and F) AuNDs suggests that the difference in surface reactivity 
for Al2O3 nucleation between “fresh” AuNDs (untreated) and UVO treated AuNDs is 
minimal. The 60 nm LSPR shift of the AuNDs after the first oxygen plasma treatment 
and alumina film growth indicates that (Figure 2.1B and E) the nucleation and film 
growth was inhibited relative to the untreated and UVO treated AuNDs. Significantly, the 
aged Al2O3-AuNDs could only support additional Al2O3 film growth when treated with 
UVO without damaging the underlying structure. Similar to the loss of hydrophilicity that 
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a metal or Si film or structured surface would experience upon introduction to the 
atmosphere and consequential buildup up hydrocarbons and debris, the hydrophilic 
alumina surface becomes hydrophobic over time.[14, 18, 19, 25, 31, 32] Once the surface 
is hydrophobic to some extent, the deposition of alumina is impeded and is increasingly 
island-like and less conformal.[33] By cleaning the aged Al2O3-AuNDs with UVO, the 
debris is removed and the –OH terminated or hydrophilic properties of the Al2O3 film are 
renewed or “re-activated. 
We undertook an additional study to determine the cause of the smaller initial 
LSPR red shift (60 nm) of the oxygen plasma treated AuNDs after the initial alumina 
deposition and the blue shift (-48.6  ± 8.6 nm) of the oxygen plasma treated Al2O3-
AuNDs following the second alumina deposition.  After fabrication and LSPR 
characterization (i.e. determination of the LSPR λmax), AuNDs were treated with UVO or 
oxygen plasma and the LSPR peak position (λcleaned) was determined with UV/visible 
spectroscopy without an additional alumina deposition. In order to have the most freshly 
cleaned AuNDs for alumina deposition for the study described above, we did not 
characterize the LSPR response of those AuNDs immediately after cleaning, before 
alumina deposition. Table 2.2 presents a summary of the results. In this study, 
Table 2.2 LSPR shift (Δλcleaned.λmax) of all AuNDs (n = 9) and Al2O3-AuNDs (n =  9) after 




Δλcleaned – max (nm) 
Al2O3-AuND 
Δλcleaned - max (nm) 
Cleaning Procedure ?̅?𝜆 ± σ ?̅?𝜆 ± σ 
Untreated -6.1 ± 3.7 2.3   
Oxygen plasma -20.8 ± 5.6 -48.2 ± 7.1 
UVO 1.3 ± 2.1 6.3 ± 6.1 
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measurement of the LSPR response (λcleaned) after cleaning, but before the addition of 
alumina, probes the effect of the cleaning treatment on the Au nanostructures. The 
oxygen treated AuNDs had a blue-shifted Δλcleaned. – max of -20.8 ± 5.6 nm and the UVO 
treated AuNDs exhibited a red-shifted Δλcleaned. – max of 1.3 ± 2.1 nm after the cleaning 
procedure. The blue shift of the LSPR response after the cleaning treatment provides 
evidence that the oxygen plasma etches the AuNDs. This 20 nm blue shift corresponds 
well to the difference between the LSPR responses measured for oxygen plasma and 
UVO treated AuNDs discussed above (ΔλALD1-max, 59.2 ± 4.1 nm and 82.0 ± 2.3 nm, 
respectively). It may be that Au is removed from the surface by a secondary sputtering 
process during the oxygen plasma exposure, but Al2O3 nucleates and forms a film to the 
same extent as is formed on the UVO treated samples. The combination of these two 
processes would lead to a smaller Δλmax compared to AuNDs that have not been etched 
before alumina film growth. However, this does not explain the origin of the substantial 
blue shifted ΔλALD2-ALD1 of -48.6 ± 8.6 nm for the oxygen treated Al2O3-AuNDs that was 
observed after the second alumina deposition. 
In order to probe if the oxygen plasma treatment was also etching the alumina 
film, we fabricated Al2O3-coated AuNDs and monitored the LSPR response after 
exposure to oxygen plasma. An alumina film was formed on AuNDs using a 50 AB cycle 
ALD process (~5 nm Al2O3) immediately after an initial oxygen plasma treatment to 
insure the cleanest AuNDs for Al2O3 deposition. After the initial LSPR (λmax) of the 
Al2O3-AuNDs was determined with UV/visible spectroscopy, two sets (n=9 per set) of 
AuNDs were treated with either UVO or oxygen plasma and the λcleaned was determined. 
The oxygen plasma treated Al2O3-AuNDs exhibited a LSPR shift of -48.2 ± 7.1 nm and 
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the UVO treated Al2O3-AuNDs had a LSPR shift of 6.3 ± 6.1 nm (see Table 2.2). The 
large blue shift for the oxygen plasma treated AuNDs indicates that both Al2O3 as well as 
possibly Au are etched during treatment. The size of the observed blue shift (-48 nm) 
agrees well with the shift observed in the AuND cleaning experiments discussed above. 
The total blue shifting of the LSPR response of -20 nm after oxygen treatment of 
uncoated AuNDs and -48 nm after treatment of alumina-coated AuNDs accounts for the 
approximately 70 nm difference between UVO and oxygen plasma treated AuNDs in the 
cleaning experiments (see Table 2.1) after the two treatment/ALD deposition processes.  
 
  SEM Characterization of Film Formation  2.5.3
The observations of the LSPR response as related to both etching and alumina 
deposition are supported by the SEM images shown in Figure 2.1. The individual 
nanodisk in each image shown is representative of the entire sample set and the high 
uniformity of nanodisk structures is well known.[27, 34] The diameter of UVO treated 
Al2O3-AuND (n=50 AuNDs) averaged 309 ± 15 nm, untreated (n=56 AuNDs) 
averaged 307 ± 14 nm, and oxygen treated (n=36 AuNDs) averaged 255 ± 18 nm. These 
size differences are consistent with the LSPR shifts and the standard deviations are within 
that of the native polystyrene template (see section 2.1). The UVO treated AuNDs 
supported alumina film growth during both deposition cycles (Δλtotal of 93.2 ± 2.4 nm) 
and had the largest diameter. The oxygen treated AuNDs had the smallest Δλtotal of 10.6 ± 
11.9 nm and also the smallest diameter of the final Al2O3-AuNDs. A qualitative 
inspection of the SEM images shows that UVO and untreated Al2O3-AuNDs (Figure 
2.1A and C, respectively) have similar, uniform Al2O3 film growth. The AuNDs are 
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clearly seen beneath the Al2O3 film, which has a smooth and sharply contrasted edge as 
shown by the outer ring in the SEM images. In comparison, the oxygen plasma treated 
Al2O3-AuND (Figure 2.1B) does have a coating of Al2O3, but the film forms a less 
uniform layer around the AuND. The film appears to have an almost serrated-edge outer 
ring that lacks the sharp contrast of the other alumina-coated AuNDs; this suggests 
incomplete nucleation and film growth or a roughened AuND. While literature reports 
that oxygen plasma does not damage gold surfaces, the oxygen plasma pretreated Al2O3-
AuND shows signs of deterioration of the underlying AuND which is consistent with a 
blue-shifted LSPR response (as discussed in section 3.2). [14] 
The serrated-edge structures shown in the SEM images and the size discrepancy 
between UVO and oxygen plasma treated samples qualitatively show that the oxygen 
plasma samples had less Al2O3 growth and the underlying AuND was etched, creating a 
smaller nanostructure with more surface roughness. Damage to the nanostructures 
highlights the importance of investigating nanostructure properties and stability 
compared to bulk films of the same material under the same surface preparation 
conditions. 
There is extensive research showing that oxygen plasma and UVO both have 
utility in removing hydrocarbons from Au films and silicon substrates. Berman and Krim 
showed that oxygen plasma can be used in radio-frequency microelectromechanical 
system (RF-MEMS) applications to clean gold films without increasing surface 
roughness.[14] In a direct comparison of UVO and oxygen plasma, a monolayer of 
tridecafluorotris(dimethylamino)silane or FOTAS, was chemically bonded to a MEMS 
device and then treated with either UVO or oxygen plasma.[18] Using Time-of-Flight 
41 
 
secondary ion mass spectrometry (ToF-SIMS), it was determined that oxygen plasma was 
a more effective cleaning method for occluded areas of silicon surfaces.[18] However, 
the vast majority of studies comparing UVO and oxygen plasma treatments were based 
on investigations using bulk films. The study that is most relevant for substrates 
supporting micro- and nano-structures is presented by Raiber et al. The authors discuss 
the use of self-assembled monolayers (SAMs) as a resist in lithographic techniques to 
produce micrometer-sized Au-structured films. The fabrication method uses an oxygen 
plasma to remove the SAMs in a post-etching process. The authors did not report damage 
to the resulting microstructures. However, this may be because the Au films used in the 
fabrication were quite thick (40-200 nm) and were large in terms of their lateral 
dimensions (i.e., well beyond nanoscale or even microscale features). Our study indicates 
that the sensitivity of nanoscale structures to morphology necessitates consideration of 
whether or not a surface treatment process used for bulk films can be transferred without 
consequences to heterogeneous nanostructured surfaces, even processes as simple as 
surface cleaning and preparation.  
Our studies also provide evidence that surface treatments can impact robust 
alumina coatings. We observed that oxygen plasma treatment of alumina-coated AuNDs 
resulted in blue-shifted LSPR responses (section 3.2) and produced nanostructures with 
roughened edges (Figure 2.1B), indicating the alumina coating was etched to some 
extent. In contrast, UVO treated AuNDs had consistent Al2O3 growth and UVO treatment 






We have observed that oxygen plasma exposure, though a successful cleaning 
method for bulk Au films and silicon surfaces, has detrimental effects on heterogeneous 
surfaces composed of Au nanostructures supported on glass.  For bare AuNDs and Al2O3-
AuNDs on glass substrates, oxygen plasma etches both the Au and the Al2O3. We have 
also shown that an Al2O3-coated device can have a long shelf with the use of a simple 
cleaning technique, making the development of these devices practical. UVO treatment 
of AuNDs prior to Al2O3 deposition generates uniform growth and re-activates aged and 
“dirty” Au and Al2O3 surfaces. This adds to early work by King, which demonstrated that 
UVO treatments result in a rapid loss of surface bound hydrocarbons and 
oxycarbons.[16]  By treating the AuNDs with UVO, the surface reactivity is more 
homogeneous, which leads to uniform nucleation. This is an important finding as defect-
free films are a key component of nanostructure protection and fabrication optimization.  
In summary, there have been conflicting reports on the impact of oxygen plasma 
on nanoparticles, but our findings support other observations that oxygen plasma 
treatments are detrimental to nanoparticles.[24, 25] Moreover, we propose the use of 
UVO to clean heterogeneous Au nanoparticle surfaces with the additional benefit of 
being a superior technique for preparation of thin film deposition when a hydrophilic 
surface is required, as in the case of atomic layer deposition of alumina.  
Funding Sources: National Science Foundation (NSF) Integrative Graduate 
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  CHAPTER 3
 
LONG DISTANCE DECAY LENGTH STUDY OF ANISOTROPIC  
GOLD NANOPARTICLES IN THE INFRARED  
 
 Prelude 3.1
The following work was in collaboration with Chemistry at the Space Time Limit 
Center’s Dr. N. Large and Dr. G. C. Schatz. Sample fabrication, and empirical data fitting 
were performed by me. Theoretical calculations were performed by Dr. Large. 
 
 Introduction 3.2
The use of plasmonic nanosensors has greatly increased in the past few years. The 
broad applications from surface enhanced spectroscopies from the UV to the IR coupled 
with the label-free biosensing options make plasmonic nanosensors an obvious choice for 
low concentration studies that rely on surface binding events without being effected by 
bulk conditions changes like temperature or pH.1-16 The utility of plasmonic 
nanostructure sensors lies in the close proximity of the evanescent field decay lengths to 
the nanostructure surface due to localized surface plasmon resonance (LSPR). The decay 
length of the plasmonic electromagnetic (EM) field is on the order of tens of nanometers 






confinement of the plasmonic EM field.17-19 To broaden the range of sensors, anisotropic 
nanostructures with polarization-dependent modes can be used to interrogate different 
regions of the electromagnetic spectrum simultaneously. When well arrayed, the 
polarization dependence of the resonance modes can be induced by controlling the 
wavelength and polarization of the incident field.20-25  
The high-precision of atomic layer deposition (ALD) for thin films has been used 
to determine the sensitivity reduction based on layer-by-layer thicknesses of 
nanostructures.15, 26 ALD of alumina (Al2O3) is used due to the precise thickness control 
and high-quality film formation on high aspect ratio structures as well as its transparency 
in the visible and near infrared  (NIR).27-31  As a tool for fundamental properties, ALD 
has also been used to estimate the decay length of nanostructures in the visible.15, 26, 32  
However, monitoring the effect of insulating layers across the visible well into the IR is 
of utmost importance to establish the utility of the coating. Because each wavelength 
range is unique to different applications of plasmonic sensors, understanding the behavior 
of the plasmonic near-field can provide insight to the utility of Al2O3. 
In order to show the decay length dependence and behavior of the polarization-
dependent resonance modes of nanostructures over a broad spectral range, we evaluated 
the empirical and theoretical response of the LSPR shift of gold nanocrescents (AuNCs) 
ranging in template size from  250 to 580 nm. Using the decay length estimate by Jung 
and adapted for nanoparticle systems by Haes, we determined the empirical decay length 
for AuNCs.26, 32-34 For a planar noble metal surface. the dependence of the LSPR 
extinction wavelength maximum, λmax, on refractive index (RI) is expressed as:32-33, 35 





In Eq 3.1, Δλmax is the wavelength shift, m is the bulk RI response, Δn is the change in RI 
of the LSPR induced by an adsorbate, t is the effective adsorbate thickness, and ld, 
approximated as an exponential decay, is the characteristic EM field decay length. 
Notably, this expression was designed for bulk metal (SPR film) measurements although 
it has been applied to nanoparticle systems in various forms.34, 36-37 To determine the 
interaction of the plasmonic field with Al2O3 coating, we used finite-difference time-
domain (FDTD) theory. Typically, the saturation of the EM near-field as the film grows 
can be demonstrated by monitoring the red-shift of the LSPR as a function of t. We found 
that using this description the experiment results of the AuNCs did not behave according 
to expected literature results for when the aspect ratio of the structure increases.15, 38 
However, both the empirical treatment and theoretical treatment saturated as predicted. 
We then applied the relative LSPR shift to take into account the sensitivity of the LSPR 
shift with respect to the resonance wavelength. This treatment showed an excellent match 
between the trends observed for the experimental and theoretical models. 
 
 Materials and Methods 3.3
 Materials 3.3.1
 
Gold pellets were purchased from K.J. Lesker (Clairton, PA). Glass substrates of 
BK7 glass microscope slides were purchased from Ted Pella, Inc. (Redding, CA).Various 
sizes of 2.6 % w/v polystyrene template nanospheres were purchased from Polysciences, 
Inc. (Warrington, PA). Absolute ethanol was purchased from Pharmco-Aaper. 
Concentrated H2SO4 and 30 wt% NaOH were purchased from EMD Chemicals. 





  Substrate Fabrication  3.3.2
Nanosphere template lithography was used to fabricate the nanocrescents and has 
been described previously.20, 39 Briefly, a 45 µL aliquot of diluted polystyrene nanosphere 
templates was used to spin-cast at 1000 rpm for 30 s. The substrates were placed on 40 ° 
mounts, with respect to the metal source, in an electron-beam evaporator chamber 
(Denton SJ20C Vacuum USA, Moorestown, NJ). Gold film was deposited (1 Å/s) as 
measured by a quartz crystal microbalance (XPC2 Inficon, East Syracuse, NY) under 
high vacuum (2.0×10-6 Torr). An argon ion milling system (PlasmaLab 80 Plus, Oxford 
Instruments) was used to remove the Au film at 100 W and 10 sccm. After milling, the 
polystyrene beads were removed by lift-off using transparent tape and samples were 
stored in nitrogen. 
 
  Atomic Layer Deposition 3.3.3
A Cambridge NanoTech Fiji F200 Plasma (Cambridge, MA) was used to deposit 
Al2O3 films by ALD on the nanoparticle substrates. Trimethylaluminum and water pulsed 
alternately in a nitrogen carrier stream using a growth temperature of 43 °C and base 
pressure of 1.6 mTorr. The process occurred in four steps: (1) 0.06 s pulse of water, (2) 
60 s purge with nitrogen, (3) 0.06 s pulse of TMA, and (4) 10 s purge with nitrogen.  
 
  Optical Characterization 3.3.4
Extinction spectra were collected with a Perkin-Elmer Lambda 750 ultra-violet 





   Electrodynamic Calculations 3.3.5
The optical source is taken as a broadband plane wave excitation (total-field 
scattered-field source), linearly polarized. The FDTD domain is set as a cubic region of 
2×2×2 μm3 with perfectly-matched layers (PMLs) as boundary conditions to mimic an 
infinite medium. Along the y-direction, long axis of the AuNC, symmetric or anti-
symmetric boundary conditions are chosen, which depend on the incident polarization. 
This allows for calculating only half of the simulation domain, thus decreasing the 
computational cost. A 1 nm conformal mesh is used to describe the nanocrescent 
geometry and ensure good convergence. An auto shutoff parameter of 10-6 was chosen as 
convergence parameter. The local electric field (near-field) is calculated at a distance of 
1.5 nm from each metallic surface. Dielectric permittivities used in the FDTD 
calculations for gold are those tabulated by Johnson & Christy40 for the spectral range up 
to 2 μm, and by Palik41 for the range 2-3 μm. We use a constant refractive index of 
n = 1.765 and 1.456 for Al2O3 and SiO2, respectively.  
 
 Results 3.4
The decay length (ld) and the response to the Al2O3 coating of the dipolar 
resonance modes of the AuNCs were determined in three ways: experimentally via ALD, 
empirically by fitting the experimental results to Eq. 1, and theoretically using FDTD 
simulations.42  
The AuNCs were prepared by nanospheres template lithography (NTL) using four 
polystyrene template diameters; 154, 220, 356, and 505 nm. This size range allowed us to 





The diameter of the AuNCs generated from these templates were 250, 300, 425, and 589 
nm, designated as AuNCsize. Al2O3 was deposited using ALD and Al2O3 growth was 
monitored using scanning electron microscopy (SEM, FEI NovaNano). To establish the 
Al2O3 growth per cycle (GPC) of the ALD system, the in-plane diameter of AuNCs were 
measured over 0-800 AB cycles of Al2O3. Using SEM images of AuNC250 and AuNC580 
(Figure 3.1), the diameter of 14-20 nanoparticles per deposition was determined using 
ImageJ. The GPC was determined to be 0.08 Å/cycle based on the increase in radius per 
cycle as measured at 0, 150, 200, 400, 600, and 800 cycles. This is a conservatively low 
estimate due to the limits of SEM resolution along the edge of the Al2O3 but is in 
agreement with other reported Al2O3 growth rates.26, 43 The linear growth demonstrates 
that Al2O3 is deposited continuously and uniformly for the size range of the study 
(AuNC250 vs. AuNC580 template).  
For each nanosphere template diameter, 18 samples were prepared. From these, 
subsets composed of three samples (N=3) were used for statistical analysis of optical 
properties determined by UV-visible extinction spectroscopy. Deposition occurred in two 
sets of consecutive cycles, the first included 50, 100, 300, 500, or 700 AB cycles (N=3 
per set). The optical properties were characterized and then the samples were cleaned 
with ultraviolet-ozone (UVO) to prep the surface for a second deposition of 100 AB 
cycles to yield totals of 150, 200, 400, 600, or 800 AB cycles. The use of UVO to prepare 
Au nanostructures for Al2O3 deposition has been shown previously.44 A control set of 
samples underwent parallel analysis and cleaning procedure without the addition of 
Al2O3 (referred to as 0 AB cycles).  












 0 AB cycles 400 AB cycles 800 AB Cycles  
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Figure 3.1 Growth rate calculations based on SEM imaging. Each nanocrescent is a 
representative structure for measurements made at (A) 0 (B) 400 and (C) 800 AB cycles. (D) 
The radius of the nanocrescent at each growth cycle compared to the theoretical growth of 0.11 
Å/cycle. The linear value for the AuNC580  template is y = 0.084x -1.480. The linear value for 


































Table 3.1 λo of the experimental and theoretical model 
 λo (nm) 
 SA Exp. SA Theo. LA Exp. LA Theo. 
AuNC250 890-1010 858 1270-1470 1279 
AuNC300 1140-1170 948 1560-1800 1495 
AuNC425 1280-1550 1148 2080-2200 2000 
modes for the AuNC250, AuNC300, AuNC425, and AuNC580 structures are shown in Table 
3.1. The long axis resonance mode for the AuNC580 structures was not characterized 
because the glass substrate competes with the λLA in the IR region. The NTL process is 
exceedingly sensitive to minor changes in angle and distance relative to the metal source. 
As the position varies, minor morphological parameters such as the AuNC backbone 
width and tip-to-tip distance will vary. As a result of the sensitivity and minor 
morphological changes, the absolute value of the LSPR for the complete sample set 
(N=18) fluctuated despite otherwise identical fabrication conditions. However, the 
change in the LSPR across these wavelengths was relatively uniform. Representative 
spectra for the AuNC300 structures are shown in Figure 3.2. The diagnostic features of 
saturated sensing volume are that the extinction maxima stops shifting, the peak 
broadens, and the peak intensity decreases.38 As the Al2O3 exceeds the ld, the AuNC EM -
field no longer responds to additional material deposition; ergo, the LSPR no longer red-
shifts.  The peak intensity increases from approximately 0 to 300 cycles of Al2O3 and 
then begins to decrease from 300 cycles on.  The initial jump in the spectra from 0 to 50 
ALD cycles (4-5 nm) is due to the high sensitivity of nanostructures to its local 
environment within the first 10 nm and would be expected to be characteristically linear 
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Figure 3.2 Polarization-dependent LSPR shift of AuNC300 nm from 







As the sensing volume saturates (the Al2O3 exceeds the distance of the plasmonic 
near-field) the spectral shift saturates and levels as shown in Figure 3.3. To estimate the ld 
of the nanostructures, the shift (Figure 3.3) is fit to Eq. 1. The bulk refractive index 
sensitivity, m, is determined from previously published data,20 where it has been 
established that 35 nm thick AuNCs have relative sensitivities of 26.8% (of eV) for 125-
410 nm templated structures. By using the wavelength range for each sample set (N=18), 
the average m was determined from the relative sensitivity. The m of each sample was 
independently determined, thus the standard deviation of the calculated m originates from 
the range of the experimentally determined λLA and λSA (Table 3.1).  
The ld of the evanescent field is calculated from the peak shifts due to Al2O3 
deposition using Eq. 1. The ld listed in Table 3.2 were used to fit the empirical (Δλ vs. t) 
model as to minimize the percent error from the experimental Δλ. The results of the 
empirical fit to Δλ are overlayed with the  experimental in Figure 3.3. The SA estimate 
for the ld produced a particularly well-matched calculated Δλ to the experimental values 
with less than 5% error. The AuNC580 had a SA ld  = 120 nm, but the high degree of error 
from the empirically calculated and experimental suggests that another effect may be 
dominating the refractive index response of the nanoparticles. In terms of long-distance 
decay, the error of the fit for the SA and LA of the AuNC250, AuNC300, and AuNC425 
drops to 10 and 6.4%, 9.7 and 5.1%, and 1.6 and 9.8%, respectively. This suggests that 
the empirical model describes the long-distance plasmonic decay characteristics of the 
AuNCs more closely.  
In addition to the empirical comparison, finite-difference time-domain (FDTD) 
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Figure 3.3  LSPR Δλ of long (red) and short (green) axis dipole 
resonance modes after deposition of Al2O3 on (A) AuNC250, (B) 
AuNC300, (C)  AuNC425, and (D) AuNC580. SEM images of single 
AuNC580 with arrows denoting polarization (E) No Al2O3 and long axis 
and (F) 800 AB cycles and short axis (SA). Scale bars are 200 nm. 
Table 3.2  Calculated values for m and  ld 
 Short Axis Dipole Long Axis Dipole 
Template m (nm/RIU)   σ 
ld  




(nm) % Error 
AuNC250 308.1 ± 14.1 58 12.7 439.0 ± 23.2 61 11.3 
AuNC300 336.5 ± 12.3 53 13.1 540.5 ± 28.6 76 10.5 
AuNC425 370.8 ± 7.1 82 4.6 686.2 ± 17.1 125 11.8 





































AuNC250, AuNC300, and AuNC425 structures. As the Al2O3 thickness increased, the 
average near-field intensity spatial distribution at the dipolar LSPR changes (Appendix 
A3.1-3.3). At t=40 nm, the AuNC is completely embedded in Al2O3. For thin Al2O3 
layers, the local electric field tends to be localized at the Al2O3 surface. When the Al2O3 
layer reaches a critical thickness t, the electric field re-localizes at the metal-dielectric 
interface. This trend has already been observed in other nanostructures such as Cu2O-
coated Ag nanoparticles.45 The LSPR shift of the theoretical simulations was compared 
against the experimental shift as a function of t (Figure 3.4). In all three cases, the 
theoretical results over-estimate the Δλ when compared to the experimental Δλ as a 
function of t. 
 
 Discussion 3.5
The theoretical and empirical models follow the expected result: an overall size 
increase leads to an increase in the saturation thickness (tsat). The trend with Al2O3 
thickness is clear in all FDTD cases: The plasmonic near-field at the metal surface 
recedes when introducing the Al2O3 layer, which is expected due to the drastic change in 
refractive index of the environment. The near-field then continues decreasing for Al2O3 
layer up to 40 nm, indicating the near-field tends to be pushed away to the Al2O3 surface. 
Finally, when the Al2O3 layer becomes thicker, the near-field at the metal surface 
increases again and saturates, in agreement with previously published work.45 
It has been proposed that the best comparison tool for nanoparticle sensing is the 
aspect ratio (AR); as AR increases, the sensing volume increases.15, 32, 46 Generally, if the 







(A) AuNC250  (B) AuNC300  
   




Figure 3.4  Theoretical (FDTD, solid lines) versus experimental 
(markers) Δλ shifts for three AuNC samples: (A) AuNC250 , (B) AuNC300, 







the saturation thickness and increased the maximum LSPR wavelength.26, 32, 38, 47 The 
AuNC system has three potential aspect ratios for comparison: the in-plane length to 
backbone width (L and W, respectively), in-plane length to height (L:H), and backbone 
width to height (W:H) (summarized in Appendix A.4). 
The aspect ratio comparing L:W (ARL:W) of the AuNCs from smallest to largest 
structure is 2.5, 3.0, 3.4, and 2.9. The two most similar structures, AuNC300 (ARL:W  = 
3.0) and AuNC580 (ARL:W  = 2.9), have dissimilar saturation and maximum shift for 
experimental trends. The saturation thickness (tsat) was estimated by difference between 
two Δλ data points. As the slope of the Δλ approaches zero, the signal saturates. The 
amount of Al2O3 deposited at this point is estimated as the tsat. This estimate allows for 
the comparison across structure sizes. The empirical method shows the tsat increases with 
AR, with the exception of the AuNC580 (Appendix A.4.A).  
The ARL:H increases from AuNC250 to the AuNC580 linearly, which is expected to 
cause the values for both tsat and λmax to increase.15, 32, 46 This trend was not observed for 
the experimental results but the trend is shown in the empirical fit (Figure 3.3) and the 
theoretical model (Figure 3.4). Current literature examples of sensing volume with 
respect to AR are based on moderately simple structures, but also within the confines of 
the visible spectrum and near IR. For example, silver nanotriangles with 60% decrease in 
ARL:H yield decreased λmax of 53-86 %.38 Using Au nanoholes and nanodisk substrates, 
Mazzotta et al. showed that the sensitivity of structures is determined by the AR of the 
nanostructures whereas the ld depends on the type of structure.15 Using 110:20 
(length:height), (ARL:H = 5) compared to 150:30 (ARL:H = 5.5)  nanodisks, a 90% 





visible well into the IR region whereas the two examples of silver nanotriangles and gold 
nanodisks are within the visible (600-800 nm for both structures). To the authors’ 
knowledge, this is the first experimental ld study on similar structures in such a broad 
range of the EM spectrum. The behavior of the AuNC going into the mid and far IR 
could contribute to the behavior of the λmax and tsat  
To determine the sensitivity or relative shift as a result of Al2O3 deposition when 
AR remains constant but structure parameters (size) vary greatly, the fractional shift, 
Δλ/λo, is used. The Δλ/λ0 of the theoretical model and the experimental results are shown 
in two formats, by structure size (Figure 3.5) and by resonance mode (Figure 3.6), 
allowing for different observations.  
From Figure 3.5, it can be shown that the Δλ/λ0 of the LA and SA for either 
experimental or theoretical Δλ/λ0 of any given substrate are closely associated. 
Specifically, in both AuNC250 sets (experimental and theoretical Δλ/λ0), the LA more 
closely tracks with the SA than in either of the larger structures. The experimental 
AuNC250 Δλ/λ0 is the only to overlap consistently throughout t, strengthening that this 
response is very similar to the theoretical Δλ/λ0. The AuNC300 (Figure 3.5B) and The 
AuNC425 (Figure 3.5C) show the SA tracking with a slightly higher Δλ/λ0 than the LA in 
both experimental and theoretical Δλ/λ0. However, for the theoretical AuNC425, the SA 
and LA diverge after 40 nm, corresponding to a similar divergence in the experimental 
Δλ/λ0.  
The behavior of the SA Δλ/λ0 and LA Δλ/λ0 can be evaluated independently using 
Figure 3.6. In both the SA and LA, the smaller structures are very closely related to each 






(A) AuNC250 (B) AuNC300 
  




Figure 3.5  Fractional shifts of theoretical (solid lines) and experimental 











Figure 3.6  Fractional shifts of theoretical (solid lines) and 
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regardless of experimental or theoretical Δλ/λ0. The SA250 has the highest Δλ/λo for much 
of the range in both theoretical and experimental comparisons.  
 
 Conclusion 3.6
Unlike the work done with nanotriangles, nanohole, or nanodisk arrays, the 
absolute shift compared to any single physical variable does not change the apparent 
saturation thickness or the maximum LSPR shift of the experimental AuNC system. 
However, when the fractional shift is used, the AuNC systems fall in line with literature. 
Current work to address the theoretical and experimental mismatch includes developing a 
more realistic geometry of the AuNCs, such as rounded tips. This is expected to decrease 
the sensitivity of the theoretical model and blue-shift of the spectra. 
The behavior of the largest nanocrescent, the AuNC589, has yet to be explained. 
The severe drop-off of the tsat and shift compared to smaller structures suggest that the 
large AuNC is less efficient or has an unexpected, short ld. Au is a lossy resonator in the 
mid-IR, owing to high electron concentration and inter-intraband transitions,40 which may 
explain some of the inefficiency. The effect of grain boundaries on the plasmonic 
response should also be investigated.48 
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  CHAPTER 4
 
PARASITIC SYNTHESIS: USING TOP-DOWN FABRICATION TO  
GENERATE HOST NANOSTRUCTURES FOR BOTTOM-UP  
SYNTHESIS OF BRANCHED NANOPARTICLES 
 
 Introduction 4.1
Surface-enhanced spectroscopy (SES) substrates take advantage of the localized 
surface plasmon resonance (LSPR) of nanoparticles. LSPR refers to the coherent 
oscillation of conduction band electrons on metal surfaces in response to the electric field 
of incident light. The electron oscillation can be confined into structural regions of the 
nanostructure, such as sharp tips, generating a local electromagnetic (EM) field that gives 
rise to enhancement of the vibrational signals of attached or nearby molecules.1 
Additionally, the plasmonic near-field generated by the nanostructures is sensitive to 
changes in the local refractive index and is used in biosensing.2 In this chapter, a novel 
substrate for increased surface enhancement for spectroscopy and refractive index 
sensing is proposed that combines synthetic (bottom-up) and fabrication (top-down) 
strategies to combine the benefits of both: high sensitivity without risk of aggregation. 
In early SES substrate designs, nanoparticle aggregates and roughened metal 




these substrates lacked reproducibility due to aggregation and uncontrolled surface 
morphology.2 The development of synthetic routines that utilized capping agents to direct 
nanoparticle growth introduced a broad range of substrate designs with improved 
sensitivity. Of the modern synthetic designs, structures with branches ending in sharp-
tips, called nanostars, have been particularly appealing due to their high-enhancement for 
SES.3-9  
 
  Synthetic Strategies 4.1.1
Plasmonic nanoparticles can be synthesized via several routes including co-
precipitation, chemical reduction, photochemical reduction, and thermal 
decomposition.10-18 Each of these techniques includes two subsets of reactions: seed-
mediated and non-seed strategies. The use of traditional seed methodology relies on the 
passivation of crystalline facets of seed nanoparticles to reduce the gold (Au) precursor in 
a specific orientation. Facet passivation by a capping agent has been well studied and 
many geometries have been developed in addition to nanostars, including nanorods, 
dumbbells, and dog bones.19-21 Non-seed strategies, or “one-pot” syntheses, offer similar 
geometric flexibility while utilizing fewer reactants to simplify purification and protocol. 
In both cases, nanoparticle synthesis is incredibly sensitive to changes in the chemical 
environment, allowing for particle customization. For example, branching in nanostars 
can be controlled by pH, temperature, the choice and concentration of reducing agent.22-23 
Nanostars have several synthetic pathways that have been used to tailor the 
branch lengths and overall size. Minati et al.24 reported a simple, three-reactant 




diameter of 42.5 nm (± 5 nm) and branch length of 8 nm (± 3 nm) at a pH of 11. By 
manipulating the pH, the authors demonstrated control over seed-mediated and one-pot 
syntheses using the same three components. The nanostars from Minati showed a higher 
SERS enhancement of about one order of magnitude compared to spherical nanoparticles 
of the same seize.  Wang et al. produced nanostars under acidic conditions (pH of 5), but 
required DNA-coated Au spheres as seed particles. The authors reported a SERS activity 
15 times larger than spherical structures. Interestingly, the use of different DNA 
sequences to direct Au reduction enabled highly controllable nanostar geometry. Vo-
Dinh et al.25 developed a hybrid silver(Ag)-coated Au nanostar synthesis using AgNO3 as 
one of the facet passivation layers. AgNO3 offered control of the branch density and 
length. The authors’ reported SERS brightness in lieu of enhancement with an 11-times 
increase in signal intensity. While the amount of silver was not reported, the core size, 
branch length, and number of original Au nanostars dictate the amount of Ag needed for 
ideal coating. One drawback to this method is impracticality of using Ag for biological 
application, although SiO2 coating was introduced to address this issue. However, other 
nanostars have been synthesized using AgNO3 for facet passivation without depositing 
Ag metal.26-27  
While these synthetic approaches generate nanostars with increased enhancement 
over spherical particles by an order of magnitude, synthetic nanoparticles have drawbacks 
leading to instability and functionalization challenges. The surfactants used in some 
syntheses, like cetyltrimethylammonium bromide (CTAB)28 or polyvinylpyrrolidone 
(PVP),29 can inhibit further functionalization. Surfactant-free synthesis improves 




structures to a 5 to 10 h window of use.24, 30 This is a problem for SERS and biosensing 
where particle instability leads to aggregation and, ultimately, signal fluctuation and poor 
reproducibility.2 An additional concern for many of these syntheses is the low yield.8 To 
address these issues, several methods have been developed to generate more robust or 
insulated nanoparticle sensing systems for complex solution matrices. One approach uses 
silica capping shells around the synthetic nanoparticle to trap the target analytes and 
prevent aggregation.5, 31-32 Another strategy to isolate individual nanoparticles is to 
completely eliminate aggregation via top-down fabrication. Patterning SERS substrates 
using top-down fabrication has been the most successful methods to control nanoparticle 
aggregation, increase nanoparticle yield, and increase reproducibility in spectroscopy 
applications.23, 33 
 
  Top-Down Directed Substrates 4.1.2
Top-down fabrication designs have been developed with several geometries for 
arrayed, or “rationally designed,” nanostructure surfaces. Though some of these advances 
are incredibly versatile, the cost is often prohibitive. For example, electron beam 
lithography has been used to generate stars, bowties, and easily manipulated nanogaps.10, 
34 More economical and, therefore, scalable methods include nanosphere template 
lithography (NSL). While synthetic strategies are confined to the visible and near IR 
because large nanoparticles fall out of solution,24 top-down fabrication can tune the LSPR 
of nanostructures from the UV to IR.7, 9, 33, 35-36 Introducing a broad LSPR range makes 
several additional applications of the plasmonic substrates available, such as sum-




others.33, 37-41 Although top-down fabricated methodologies address problems with 
defined structure position and reproducibility, nanofabricated structures lack the 
increased sensitivity that can be attained with synthetic nanoparticles for spectroscopy 
and sensing.  
The push for uniting top-down and bottom-up has been called the “conquest of 
middle-earth.”42 Designs that bridge the top-down and bottom-up processes to develop 
novel nanostructure arrays are sought after to reproducibly achieve highly sensitive, 
aggregation-free substrates for biosensing and SES. The strategies used to develop these 
hybrid materials fall into two main categories: (i) template driven self-assembly of high-
sensitivity synthetic nanoparticles onto patterned features and (ii) nanoparticle 
positioning by electrostatic or soft-template self-assembly.42 The electrostatic positioning 
techniques use chemical modifications on the surface to promote specific adhesion while 
the soft-template (sacrificial layer) is used to prevent nonspecific binding of 
nanoparticles.  
Several of the electrostatic techniques physically or chemically tether a synthetic 
nanoparticle to a fabricated nanostructure array. This takes advantage of the coupling 
between nanoparticle systems to enhance signals for SES via nanogaps or dimerization. 
Dimerization confines the electric field between two particles, increasing the strength of 
the optical near-field as compared to a single nanoparticle.43-44  Nguyen et al. developed a 
substrate that uses the enhancement created by coupling synthetic nanorods with a 
fabricated nanotriangle array to impact SERS signal.45 A thermo-responsive polymer 
impregnated with synthetic nanorods would expand or shrink characteristically, bringing 




decreasing the SERS signal via nanoparticle dimerization. The drawback of this 
technique is related to lack of reproducibility as the signal varied from substrate to 
substrate depending on the ratio of nanorod dimers. In another nanoparticle coupling 
scheme, a hybrid material was constructed by coupling Au nanostars with SERS probes 
and then introducing the combo to a nanohole array.46 Using complementary DNA 
tethers, the nanostars couple to the nanohole generating enhancements up to 4.5 x 106. 
However, the enhancement from the nanohole array was equivalent to that of a Au film 
when the nanostars were not ideally placed.  
Several creative template driven assemblies use top-down fabrication to isolate 
nanoparticles. For example, Yang et al. demonstrated the use of a two-step top-down 
approach to generate nanoparticles in a trench that can be chemically controlled.40 While 
not a spectroscopy application, Choi et al. developed an interesting Si-nanowire substrate 
for semiconductor applications by treating the fabricated nanostructures as seeds for a 
synthesis.47 Top-down fabrication was used to etch inverted pyramids in a Si wafer and 
Au was then deposited over a sacrificial layer and annealed. Annealing the Au allows the 
nanoparticles to take on a crystalline structure that can serve as faceted seed nanoparticles 
for Si nanowire growth. Many of these substrates are capable of high-enhancement with 
interesting geometries but require expensive or several fabrication steps with additional 
coupling required to adhere the nanoparticle to the macro substrate.  
 
  Overview 4.1.3
The goal of the research presented here was to develop a hybrid surface-enhanced 




bottom-up techniques. To avoid using expensive electron-beam lithography or other 
traditional, time-intensive lithographic techniques, we employed nanosphere lithography 
(NSL), a simple two-step process of polystyrene nanosphere template deposition and Au 
evaporation, to generate a well-patterned array of nanotriangles.48 Using a one-pot 
synthesis, the nanostructure array acted as the seed, or “host,” for a nanostar-based 
synthesis that does not require any additional purification beyond rinsing the solid 
substrate. The combination of these two techniques generates fixed substrates with 
branched decorations, or “nanomites.”  
The synthetic, branched decorations are referred to as “nanomites” due to the 
biological parallel to the growth response of leaves to various mites and insects. When 
leaves are bitten by a mite, the damage causes the leaf to produce hormones leading to 
localized growth of a gall (excess leaf tissue) that encloses the mite (Figure 4.1). Much 
like a tree mite, the synthetic nanomite does not change the underlying structure or 
impact the host negatively. Nanomites can be synthesized regardless of host 















 Materials and Methods 4.2
 Materials 4.2.1
 Gold pellets were purchased from K.J. Lesker (Clairton, PA). Glass substrates of 
BK7 glass microscope slides were purchased from Ted Pella, Inc. (Redding, CA). 
Various sizes of Aldehyde/Sulfate Latex Beads, 4% w/v, were purchased from Life 
Sciences Solutions, Inc. (Grand Island, NY). Absolute ethanol was purchased from 
Pharmco-Aaper. Concentrated H2SO4 and 30 wt % NaOH were purchased from EMD 
Chemicals. Concentrated HCl, and 30% H2O2, ethanolamine (≥ 98%), and HAuCl4 were 
purchased from Sigma-Aldrich. AgNO3 was purchased from Fischer Chemical.  4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid) (HEPES) buffer was purchased from 
Gold Biotechnology company.  Nanopure water (18 mΏ) (Barnstead NANOpure 
Diamond) was used to prep all solutions and glassware.  
 
  Substrate Preparation 4.2.2
Glass microscope slides were cut into 1” x 1” sections and cleaned by immersion 
in piranha acid (3:1 volumetric ratio of H2SO4:30 % H2O2) for 45 min. (Caution: piranha 
acid is a strong oxidizer and has been known to detonate upon contact with organic 
material.) The substrates were rinsed three times with nanopure water and transferred to a 
60 °C detergent bath (5:1:1 volumetric ratio of H2O, NH4OH: 30 % H2O2) for 60 min 
under sonication. Slides were rinsed three times with nanopure water, rinsed with 






  Nanotriangle Fabrication 4.2.3
Nanosphere lithography was used to fabricate the nanotriangles and has been 
described previously.36, 49-50 Sulfate/aldehyde functionalized polystyrene nanospheres 
were closed-packed onto the glass slides using a similar method to Weiss et al.51 To 
close-pack, the substrates were submerged in nanopure water and a 50/50 solution of 
nanosphere:ethanol was introduced to the air-water interface via a syringe pump (0.150 
mL/min) until a monolayer formed. The water was then removed by pump (0.30 
mL/min), allowing the template monolayer to deposit on to the substrate. To fabricate 
nanotriangles, the nanosphere templated substrates were mounted normal with respect to 
the source in an electron-beam evaporator chamber (Denton SJ20C Vacuum USA, 
Moorestown, NJ). A 3 nm chromium adhesion layer was deposited (1 Å/s) followed by 
30 nm Au film  (1 Å/s), as measured by a quartz crystal microbalance (XPC2 Inficon, 
East Syracuse, NY) under high vacuum (2.0 x 10-6 Torr). Refer to Figure 1.3A for a 
schematic representation of nanotriangle fabrication. The polystyrene templates were 
removed by lift-off using transparent tape and samples were stored under nitrogen. 
 
  Nanomite Synthesis 4.2.4
Fabricated Au nanotriangles (AuNT) substrates were cut into 2.5 cm x 0.8 cm 
(1/3 slide), treated with 5 min of ultraviolet-ozone (Jelight 342, Irvine CA), and placed 
into individual 20 mL beakers. To generate nanomit+e decorations on the host AuNT 
substrate, 3.4mL of 1.20 mM HAuCl4, 0.020 mL of 1M HCl, and 1.0 ml  of 100 mM 4-
(2-hydroxyethyl)-1-piperazineethanesulfonic acid) (HEPES) (pH adjusted to 6.9) were 




Digital 3D Gyratory Rocker  Scilogex, City, State) at 10 RPM. Next, 0.220 mL of a 
1.5 M AgNO3 and 0.110 mL of ethanolamine, were simultaneously added to the solution. 
After 10 s on the orbital shaker, the solution was placed in an ice bath (5 °C) for 1 h 
(nucleation phase) and brought to 20 °C for 1 h (growth phase). Next, the solid substrate 
was rinsed with DI water and ethanol, before being dried with N2. Solutions were stored 
at 4 °C to ensure that low temperature nucleation conditions were uniform. 
 
  Instrumentation 4.2.5
The optical properties of the NM@NT were characterized by transmission 
ultraviolet (UV)/visible spectroscopy. Extinction spectra were collected with a Perkin-
Elmer Lambda 750 UV/vis spectrophotometer. The λmax was determined using Spectrum 
software and the center of gravity function. Scanning electron microscopy (SEM) (FEI 
NovaNano 630 equipped with a Helix detector) was used to the structure of the AuNTs 
before and after synthesis. 
 
 Results and Discussion  4.3
Scheme 4.1). The host nanostructure is fabricated using nanosphere lithography 
and the synthetic routine is a simple one-pot synthesis carried out at 4 ºC for 1 h to allow 
the Au (III) solution to nucleate onto the fabricated Au surface. Once ample time has 
been allowed for nucleation, the solution is brought to room temperature and the 
structures grow in length via the further reduction of Au (III) 
  









Scheme 4.1 Overview of nanomite synthesis using a low temperature nucleation and 





on the now established facets of the decorations. The generated structure is a nanotriangle 
(NT) with nanomite (NM) decorations (NM@NT).  Decoration refers to the growth of 
any material on the host nanoparticle whereas nanomite refers to some degree of 
branching. Initial methodology used a variety of colloidal lithography techniques to 
fabricate host structures. To align with the project goal of scalability, AuNTs were 
chosen as the principal host. AuNT are the least time-intensive structure to fabricate and 
plasmon resonances in the visible and near-infrared (NIR) for SERS and LSPR 
biosensing are easily attained.  
The first hurdle in using top-down fabricated nanostructures as hosts for synthesis 
is the lack of inherent crystal orientation of the metal to produce specific sites to 
chemically direct growth of the nanomite branches. The AuNTs fabricated via NSL use  
electron beam (e-beam) evaporation to deposit a Au film over the nanospheres. With 
e-beam evaporation of Au, the crystal boundaries are typically small, heterogeneous with 
no clear crystal orientation or large domains.52 Using  high-resolution transmission 
electron microscopy (HRTEM), the facet heterogeneity  of the AuNT structure is shown 
(Figure 4.2). The lack of crystallinity complicates the use of the evaporated metal as a 
seed for nanoparticle growth because the growth of a nanoparticle in a synthetic routine is 
governed by facet passivation, and large crystalline facets are not the typical result of tens 
of nanometer thick electron-beam deposition. One way to introduce crystallinity to 
evaporated metals is by annealing under high temperature and cooling the metal slowly, 
as shown by Choi et al. with the nanowire synthesis.48, 53-54 In the case of NSL, the 
nanostructures have defined positions and shapes that would be compromised by high 




driven by surface chemistry and not by some physical means like annealing.  
Initially, the strategy for the nanomite synthesis was based on a method developed 
by Vo Dinh for nanostars.45 The synthesis used chloroauric acid (HAuCl4) as a source for 
Au, ascorbic acid to reduce the Au(III) and act as a capping agent, and silver nitrate 
(AgNO3) to control the branch density and length. It has been proposed that the Ag ion-
induced nanostar growth can be attributed to the underpotential deposition and increasing 
the concentration of silver ion in the solution stabilizes more open surface facets.10, 55-56 
Initial experiments using these three reactants (HAuCl4, AgNO3, and ascorbic acid) on 
nanorings lacked reproducibility and any given synthesis would produce 10-100% 
decoration, based on SEM imaging, in a variety of shapes (Figure 4.3).  
It was then determined that the ascorbic acid did little to affect the initial 
“nucleation” of the decorations. Citrate, another reducing agent, was incorporated, but 
also lacked reproducibility (data not shown). In fact, the decorations generated for 




 Figure 4.2 HRTEM image of AuNT. Scale bar is 







these capping agents were removed from the synthesis protocol.  
A more aggressive capping agent was then introduced, as the surface of the host 
nanoparticles were thought to be too stable. Ethanolamine and other complex amine 
molecules have been established as successful reducing/capping agents for branched 
nanoparticles, although the mechanism of formation remains unknown.1 By introducing 
hydroxylamine and ethanolamine reducing and capping agents iteratively, the decorations 
produced from the nanomite synthesis became more reproducible, though not highly 
branched. The addition of ethanolamine produced structures that exhibited large, uniform 
growth but lacked branching or roughening of the surface (data not shown). However, the 








Figure 4.3 Initial nanomite structures using nanorings as the 
host for the reduction of Au with 1.9 mM HAuCl4, 3 mM 
AgNO3, 100 mM ascorbic acid: (A) original host structure; (B) 
doubled volume of HAuCl4; (C) and (D) are duplicate 
experiments using 5 mL HAuCl4, 100 μL AgNO3, and 50 μL 








synthetic scheme using ethanolamine was promising. The increase in nanostructure size 
strongly indicated that the ethanolamine had sufficient affinity for the host Au 
nanoparticles to induce reduction of Au (III) onto the host structure. The focus then 
turned to encouraging facet passivation so that the nanoparticle growth could be directed  
into the branched shape.  
To encourage branching of the Au structures, another reducing agent was 
introduced simultaneous to the ethanolamine. It has been previously shown that the 
piperazine ring in 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) (HEPES) buffer 
can generate nitrogen-centered free radicals capable of reducing Au ions.57 Further work 
by Xie et al. introduced a seedless, branched nanoparticle synthesis based on HEPES 
buffer.58 In the nanomite synthesis, introduction of HEPES dramatically increased the 
branching of the Au growth on the fabricated nanocrescents (Figure 4.4). It has been 
reported that the piperazine ring preferentially binds on the different Au facets but most 
weakly on the (111) planes, thereby Au grows along the (111) direction.59-60 By 





Figure 4.4 Room temperature reaction of a NM@NC synthesis (A) without HEPES  
and (B) with HEPES buffer (1 mM at pH 7.5). Reactants include HAuCl4, NaI, HCl, 




further optimized by controlling a variety of parameters. Nanomite syntheses, like the 
solution based nanostars, are strongly controlled by the local dielectric environment and 
small changes in temperature, pH, or reactant ratios can have significant effects on 
reproducibility and branch growth. The following experiments demonstrate the 
optimization of branched nanoparticles with fabricated arrays of AuNTs.  
 
  Growth Characterization: Temperature 4.3.1
Temperature is used to control the nucleation and growth kinetics of 
nanoparticles. Generally, lower temperatures encourage nucleation and increase LSPR 
reproducibility and higher temperatures encourage rapid growth but decrease LSPR 
reproducibility.61-62 In compromise of LSPR reproducibility and synthesis time, a low 
temperature nucleation period was introduced followed by a room temperature growth 
period. Figure 4.5 shows the structural changes of NM@NTs over the course of a 1 h 
nucleation phase at low temperature (4 °C) and a 1 h growth phase at room temperature 
 
Figure 4.5 SEM of NM@NT over (TOP) the first hour of nucleation (4 °C) and (BOTTOM) 
second hour of growth (20 °C). Scale bars are 200 nm for time trials and 50 nm for the close 





(20 °C). Figure 4.6A shows the spectra of the NM@NT over the same nucleation and 
growth period collected during the synthesis. The inset of Figure 4.6A shows the spectra 
of the reaction solution and NM@NT after 120 min. By identifying the LSPR peak of the 
substrate and the LSPR peak of the solution independently after synthesis (inset Figure 
4.6A), the two predominant peaks at ~590 nm and 750 nm are attributed to the solution 
(λsoln) and the solid substrate (λNM@NT), respectively. Tracking the relative LSPR shift of 
the two main peaks (Figure 4.6 B) allows the growth rates for the solution and the 
substrate to be extracted independently.  
During the nucleation phase, the substrate does not experience a large amount of 
growth as evidenced by the near 0 nm/min LSPR shift; however, the nucleation of Au is 
clear in SEM images (Figure 4.5, top row). There are several situations that could explain 
the deposition of Au in the SEM images without the clear LSPR shift that would be 
expected for adsorption of material on the AuNT surface. The bulk solution at the start of 
the synethesis has a high concentration of all reactants, so adsorption of directly attached 
AgNO3, HEPES, or ethanolamine could be masked in the bulk, high refractive index of 
the solution. Alternatively, the nucleation is not generating sharp tips or branched 
structures, so the sensitivity of the structures for changes is not uniquely high. The third 
option relies on evidence from preceding experiments at room temperature in the absence 
of HEPES. Previously, etching of the host nanostructure would occur as evidenced by 
SEM images without deposition of decorations. It is possible that the synthesis is 
“etching” or dissolving some components of the host structure and redeposition is 








Figure 4.6 (A) Extinction spectra of 330 nm template NM@NT from 0 to 120 min 
collected in 6 min intervals. At 60 min, the samples are switched from 4 °C nucleation 
to 20 °C growth by removal from an ice bath. Inset spectra are from the NM@NT 
substrate after synthesis and the reaction solution. (B)  Relative LSPR shift of the peaks 
centered at 590 and 750 nm for 330 nm template NM@NT. Trend lines correspond to 
the separate nucleation (0-60 min at 4 °C) and growth (60-120 min at 20 °C) phases of 
the nanoparticle synthesis. 
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During the room temperature growth phase, the rate of growth increases (as 
marked by the rate of λNM@NT shift) from ~0 nm /min to 0.38 nm/min. The SEM images 
of 60 min to 75 min NM@NT are similar with fine decorations, likely due to the solution 
not yet coming to room temperature. Between 90 min and 120 min, the NM@NT 
increase in size with separation of branch features as shown in the close-up (Figure 4.5, 
bottom right). The structures at 120 min are more uniform in appearance around each 
AuNT as compared to that of the 15 min NM@NT, which have more sporadic 
decoration. Over the same temperature range, the λsoln of the extraneous nanoparticles in 
solution shift at a rate of 0.13 nm/min  (4 °C) to a rate of 0.15 nm/min (20 °C), indicating 
that the growth of the suspended nanoparticles is not changing. This could be due to 
increased competition of reactants by the NM@NT substrate (discussed below). 
The separation of nucleation and growth is in sharp contrast to that of NM@NT 
prepared in room temperature (25 °C) and at elevated temperature (60 °C) (Figure 4.7). 
At 25 °C, neither λsoln nor the λNM@NT demonstrated linear growth (Figure 4.7C). The 
λNM@NT for the 25 °C slowly blue-shifted before red-shifting at about 90 min (Figure 
4.7C), possibly due to tip rounding and/or dissolution of the AuNT host. A similar 
shifting pattern is demonstrated by the λsoln. The λsoln  peak becomes stronger throughout 
the synthesis, starting as a shoulder off of the ~700 nm peak until 50 min were the LSPR 
peak for the solution becomes strong enough for wavelength assignment. The red-shift of 
the λNM@NT at 90 min could be due to the increase in size of the NM@NT or a response to 
the refractive index change generated by the growth of nanoparticles in solution. The 
refractive index change is supported by the Δλsoln, which did not grow into the spectra 
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Figure 4.7  Extinction spectra taken every 6 min during the NM@NT synthesis at (A) 25 
°C and (B) 60 °C. The relative LSPR shift of the (C) λsoln and  λNM@NT for  25 °C 
nucleation/growth (D) λNM@NT for  60 °C nucleation/growth. SEM images of NM@NT 













































syntheses (Figure 4.7 E and F). It is likely that the increased temperature makes minor 
differences in timing less forgiving. Because the kinetics of reaction are occurring at a 
faster rate at higher temperatures, the timing of reactant introduction impacts the structure 
morphology. In some cases, this generates overgrowth of the NM decorations with 
branches ranging in diameter from 30-40 nm (Figure 4.7E). In other cases, there is very 
little branching (Figure 4.7F).  
The 60 °C synthesis generates structures with no branching (Figure 4.7G). The 
spectrum of the synthesis at 60 ºC shows that there is a large initial growth within the first 
6 min of the synthesis, as shown by the peak shift from 547 nm to 640 nm followed by a 
small blue-shifting throughout the 2 h window (Figure 4.7D). The asymmetric peak at 
649 nm is composed of the substrate (the dominate peak) and a shoulder from the 
solution. Due to the overlap, the Δλsoln could not be independently tracked. The 
preferential growth of branches at room temperature has been reported by others and 
Burrows et al. has shown that by using low-temperature synthesis (5 °C), the LSPR 
reproducibility of the structures increases dramatically.60, 63  
The heterogeneous growth (growth using an existing interface such as the 
fabricated host nanostructure) is determined by long-range atomic diffusion and the  
growth is thermally activated in an Arrhenius relationship.62  For this reason, the solution 
is brought to room temperature after the initial nucleation phase. The nucleation phase is 
necessary to compensate for the competition between the NM synthesis and the solution 
synthesis (byproduct). Because the fabricated host structures have variable-size physical 
boundaries from step edges, grain sizes, surface roughness and so forth, lowering the 




boundaries. Nucleation theory states that as the temperature of a solution decreases, the 
volume free energy of nucleation becomes more negative, allowing the formation of a 
stable nucleus at a smaller radius as well as making the growth more favorable.61  
The number of stable nuclei, nuclei that are greater in size than the critical radius 
required for nucleation, is also a function of temperature. As temperature is lowered, the 
number of stable nuclei increases. In short, by lowering the temperature of the solution, 
the host nanostructures are more accessible for nucleation. Once the nucleation occurs, 
the substrate can compete more effectively for reactants to generate the larger decorated 
structures. This proves an effective format given that the λNM@NT shifts at double the rate 
of the solution, suggesting two possibilities: (1) the NM@NT substrate is more sensitive 
to the increase in size making the shift greater in magnitude, and/or (2) the NM@NT 
substrate is growing at a greater rate than the particles in solution. 
 
  Elemental Composition  4.3.2
AgNO3 is used to control branching of Au decorations but is also a component in 
Ag deposition on Au nanoparticles. Vo-Dinh et al. demonstrated that in the absence of 
HAuCl4, AgNO3 is reduced by ascorbic acid in basic conditions to deposit a Ag shell 
around Au nanoparticles.25 While the authors did not report the pH of this reaction, the 
nanomite synthesis could possibly induce Ag metal deposition due to the basic conditions 
(pH 10) and potential excess of reagents. 
To confirm that the branches formed in the nanomite synthesis are Au and not Ag, 
electron dispersive spectroscopy (EDS) was used to confirm the elemental composition 




center and the edge of NM@NT. A representative EDS spectrum is shown in Figure 4.8 
with the positions for Au and Ag are highlighted. The large peak at 1.74 keV corresponds  
to the Si wafer substrate and the peak at 2.12 KeV denotes Au. The spectrum lacks the 
2.98 keV peak which would signify Ag. Both full frame scans and spot scans on 
NM@NT structures supported the use of Au as the only component in the decoration 
growth. However, with excess AgNO3 or absence of HAuCl4, the possibility of Ag 
deposition Au is possible.25, 50 The role of Ag ions will be discussed in more detail in 
Section 4.3.4. 
 
  Effect of pH on Two Reducing Agents  4.3.3
The structures of the two reducing agents are shown in Figure 4.9. HEPES buffer 
has two pka points; pKa1 = 3 and pKa2 = 7.5. Ethanolamine has a pKa = 9.5. When the pH 










above the pKa, the amine group will be deprotonated. The standard nanomite synthesis 
has a pH of 10.5, which is close to the range that Minati found metallic Au was required 
for the autocatalytic growth of nanostars.64 However, in the absence of ethanolamine and 
HCl, the nanomite reaction solution takes a blue color indicative of nanostar growth in 
solution at a pH of 6.4.65  In addition to the nucleation on the host structures (bottom-left 
inset Figure 4.10A), nanostars form in the solution (top-right inset Figure 4.10A).  
The NM@NT structures that formed under these conditions (pH 6.5), are 
distinctly different than those formed under the standard conditions (pH 10.5) as 
described in the synthesis protocol (Figure 4.10B and C). The nanostars synthesized as a 
byproduct in the NM reaction are large (100+ nm) with up to 40 nm long branches that 
range in width from 5-10 nm and have an LSPR of 680 nm. While not the target 
structure, these nanostars are much larger than those produced by others, while also being 
stable in solution for 3 weeks, unlike some synthesized nanostars that are stable for up to 
10 h.24, 30 Further studies into the effect of pH in the absence and presence of 
ethanolamine and host nanoparticles will be required to determine the mechanism of 




















Figure 4.10 (A) Extinction spectra of nanostar solution (pink) and NM@NT under 
reaction conditions (pH = 6.5) that exclude ethanolamine and HCl. The rop right inset are 
nanostars formed in solution and the bottom left inset are the NM@NT structures. Scale 
bar is 200 nm for the nanostars and 50 nm for the NM@NT. Side by side comparison of 
the impact of (B) no ethanolamine or (pH= 6.5) and (C) with ethanolamine (pH=10) on 




   Silver Underpotential Deposition Control 4.3.4
  The controlled used of halides and silver ions has been used to generate a wide-
variety of structures via the manipulation of the Ag+ underpotential deposition (AgUPD) 
on Au via the reduction of a submonolayer of Ag+ on the Au surface. While the 
introduction of salts into typical nanostar synthesis causes the nanostars to aggregate and 
crash out of solution,66 the stationary host nanoparticles prevent such aggregation issues 
making the introduction of halides a nonissue. As a result, the impact of iodide can be 
investigated relative to the AgNO3.  
Bromide and iodide induce a destabilization of the AgUPD layer with iodide being 
the stronger destabilizer. In small concentrations, the presence of these ions slows the rate  
of Au reduction, but in large volumes potentially increases the rate of reduction.26 Figure 
4.11A shows the spectra of two NM@NT syntheses with and without high molar 










Figure 4.11 Comparison of the presence of iodide as a control for silver underpotential: 
(A) Extinction spectra of NM@NT in  the presence of 1.20 ml  of 10 mM NaI (orange) and 
without NaI (blue); (B) SEM image of NM@NT with no iodide; (C) NM@NT in the 


















presence of iodide indicates that the reaction rate was slowed or strongly inhibited. Figure 
4.11B and C compare the physical structures of the NM@NT and it is clear that iodide 
produces amorphous and inconsistent decorations.  
 The destabilization caused by the concentrated halides increases the mobility of 
the AgUPD and Mirkin et al.67 showed that the AgUPD layer mobility increases in the 
presence of trace levels of iodide, stabilizing the high-index surface. When using very 
high concentrations of iodide, these can lead to extremely stellated features (no clear 
facets). This is caused by preferential binding of iodide to the Au surface which displaces 
and destabilizes the AgUPD.  
Another method to direct Au growth on specific facets is to manipulate the  
AgUPD is based on concentration. For NM@NT, doubling the Ag+ concentration 
drastically increased the overall size and branching of the nanoparticles (Figure 4.12).  
Personick and Mirkin et al.63 showed how the use of varying Ag+ concentrations can 





Figure 4.12 AgNO3  concentration dependence on NM@NT morphology: (A) 0.220 mL 




dodecahedra with (110) facets, truncated ditetragonal prisms with (310) facets, and 
concave cubes with (720) facets. The authors use Ag+/Au3+ ratio of 1:500 to 1:5 to 
selectively hinder the deposition of Au on to a selected facet; higher AgUPD coverage is 
necessary to stabilize a higher energy surface facet that is more reactive to Au deposition. 
This translates to a more open and higher-index surface being stabilized. On the 
NM@NT, the effect of increasing Ag+ to stabilize high energy facets is closely related to 
the random facets on the surface of the fabricated nanostructure. As discussed earlier, the 
Au is evaporated onto the substrate by e-beam evaporation, resulting in the a combination 
of heterogeneous facets, some of which may have high energy. Therefore, increased Ag+ 
provides access to these facets for growth. 
 
 Conclusion 4.4
 Using two simple methods from top-down fabrication and one-pot synthesis, we 
demonstrate the formation of branched decorations, or nanomites, on fabricated 
structures. By lowering the temperature and changing the AgUPD, we create reaction 
conditions that allow for the reduction of Au (III) onto noncrystalline host nanoparticles. 
This synthetic strategy can be applied to different fabricated structures, as will be 
discussed next chapter, increasing the hot spot density and thereby increasing the 
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  CHAPTER 5
 




When light couples to nanoparticles, the coherent oscillation of electrons from the 
metal-dielectric interface compresses into localized areas generating regions of high-
electron density, or “hot spots.” This unique optical property is called localized surface 
plasmon resonance (LSPR). The LSPR wavelength of the nanostructures is sensitive to 
changes in the local refractive index (RI). The electron-dense hot spots generate an 
electromagnetic (EM) field that can amplify signals in vibrational spectroscopy. The 
signal enhancement is utilized in a variety of sensing applications such as surface 
enhanced Raman spectroscopy (SERS), surface enhanced infrared absorption (SEIRA) 
spectroscopy, and in ex vivo and in vivo label-free biosensing.1-14 The signal 
enhancement and high sensitivity of the hotpots to changes in the local environment is 
intensified when the EM field is confined into sharp-tips of nanoparticles such as 
nanostars, nanocrescents, nanorods, and nanotriangles.1, 11, 15-23  In Chapter 4, a synthetic 
modification for preparing sharp-tipped gold (Au) nanoparticles on fabricated Au 
structures was introduced that combines top-down fabrication with bottom-up synthesis.  
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The nanomite synthesis uses fabricated nanostructures as seeds or “hosts” for the 
reduction of Au (III) to Au0 leading to the formation of Au branches. The branching 
increases hot spot density and, due to the nm-scale radius of curvature of the branches, 
there is potential to increase sensitivity of the LSPR response. By using arrayed host 
structures, a large, higher-density substrate is fabricated that can be used for refractive 
index sensing and surface-enhanced spectroscopies. Compared to synthesized 
nanoparticles, fabricated nanostructures with fixed substrate positions prevent 
aggregation and minimize signal fluctuation. The nanomite decorations also maintain the 
host nanostructures’ properties such as polarization-dependent LSPR response. 
 
  Bulk Refractive Index Sensitivity 5.1.1
Many biosensing applications make use of the refractive index sensitivity (RIS) of 
plasmonic nanoparticles. The shape of a nanoparticle improves refractive index 
sensitivity via antenna effects: sharp-tipped nanostructures, like nanomites, confine the 
electric field to a smaller volume that leads to larger localized field enhancements and 
higher sensitivity to changes in the near-field.23 As shown in Table 5.1, structures with 
sharp tips are more sensitive to changes in the bulk refractive index of the near-field for 
both fabricated nanoparticles (nanotriangles compared to nanoholes) and synthetic 
nanoparticles (branches compared to nanospheres).   
Bulk RIS is used to infer the substrate’s ability to sense a shift in the LSPR due to 
the local change in the dielectric environme.  For a noble metal surface, the dependence 
of the LSPR wavelength maximum (λmax) on refractive index is expressed as:24  
 ∆𝜆𝜆𝑚𝑚𝑚𝑚𝑚𝑚 = 𝑚𝑚∆𝑛𝑛(1 − 𝑒𝑒−2𝑑𝑑/𝑙𝑙𝑑𝑑)  (5.1) 
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In this equation, Δλmax is the LSPR wavelength shift, m is the bulk refractive index 
response, n is the change in refractive index induced by an adsorbate, d is the effective 
adsorbate thickness, and ld, approximated as an exponential decay, is the characteristic 
EM field decay length. This equation shows that as m increases, the LSPR absorption 
maximum (λmax) will red-shift. Substrates that are more sensitive to changes in RI will 
demonstrate a larger magnitude of red-shifting of the LSPR. The λmax shift as the result  
of an adsorbate binding (increase in RI) is the principle of biosensing experiments and it 
is critical to design substrates that offer large refractive index responses (m) to improve 
limit of detection and resolution.29  
 
  Surface-Enhanced Raman Spectroscopy 5.1.2
Vibrational spectroscopy techniques, such as Raman spectroscopy, use surface-
enhanced substrates to improve signal.  The signal enhancement from nanostructures 
relies on similar nanoparticle design as those discussed for RI sensing. Confinement of 
the EM near-field at the tips of structures, as in nanostars and branched nanoparticles, 
generates larger signal enhancements compared to spheres or planar surfaces.  
Table 5.1 Bulk refractive index sensitivity of different nanoparticles 
Structure Method RIS* (nm RIU-1) LSPR λmax (nm) 
Ag nanotriangles25 Top-Down 200 600 
Au Nanohole26 Top-Down 159 675 
Au Nanosphere27 Synthesis 44 527 
Au 5-armed Nanostar28 Synthesis 
175 640 
580 1220 
Au Branches27 Synthesis 703 1141 
Au Bipyramids27 Synthesis 540 1096 




SERS is used to determine the vibrational modes of surface-bound molecules by 
detecting the scattered light from laser-illuminated samples. SERS is active when the 
polarizability of the molecule is anisotropic; the polarizability in SERS relates to a dipole 
moment induced by the external electric field. The majority of the scattered light is the 
result of elastic scattering, known as Rayleigh scattering, and is the same frequency as the 
excitation source. Raman scattering occurs due to the inelastic interaction between a 
molecule and the EM field of the source.30  Generally, a photon of the incident light 
excites the ground vibrational or rotational state into a virtual energy state.31 From the 
virtual state, an inelastically scattered photon is emitted shifted at a higher (anti-Stokes) 
or lower (Stokes) energy than the source photon. The frequency of the shift is 
characteristic of specific molecular vibrations. Because Raman scattering only occurs in 
one in a million photons, the molecule of interest needs to be present at high 
concentrations or the Raman signal needs to be enhanced.  
Metal nanoparticles provide surface enhancement for Raman spectroscopy in two 
ways: EM enhancement and chemical enhancement.32-33 EM enhancement results from 
two mechanisms. When the laser source has the same resonance frequency as the LSPR 
of the nanoparticle, the resonant polarization of electrons enhances the incident EM field 
(E0) and enhances the scattered field. Both processes contribute |E|2 increases in Raman 
intensity.33 Chemical enhancement accounts for one or two orders of magnitude 
enhancement and is due to charge transfer or coupling of the metal and the molecules.33-34 
The enhancement factor (EF) of the substrates is determined using the peak 
intensity relative to the number of molecules probed as determined by the nanoparticle 
surface area. For Raman EF, the ratio of the Raman substrate intensity (ISERS) and the 
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Raman intensity from a Au film (IBulk) is used with corrections for the surface area of the 
SERS substrate (SASERS) and the SA of the Au film (SABULK) (Eq. 5.2).35-36  
There are several versions of Eq. 5.2 that inflate the EF by several orders of magnitude.36 
However, the simplistic version of EF in Eq. 5.2 takes into account the surface area 
limitations of the fabrication process. In the case of colloidal lithography, nanosphere 
templates are hexagonally close-packed to form arrays. The size of the template directs 
the size of the nanoparticle, which determines the wavelength of the plasmon resonance 
mode. Therefore, structures fabricated by colloidal lithography cannot be more closely 
packed than the array while maintaining the desired plasmon resonance (because the 
resonance is size specific). Thus, the maximum nanoparticle density on the substrate is 
absolute; however, nanoparticle density can be decreased for some colloidal lithography 
techniques to generate disperse nanoparticle substrates. Any manipulations of Eq. 5.2 that 
adjust for the specific hot spot area neglect that the substrates’ nanostructure-density and 
footprint surface area are fixed at a given LSPR and geometry.  Therefore, to increase the 
sensitivity of the substrate without aggregation, the nanoparticles have to be optimized 
for enhancement rather than more densely packed (because the structures cannot be more 
densely packed). Optimization can use LSPR coupling via nanogaps to increase the 
strength of the hot spots or by introducing sharp tips as discussed previously.  
To increase refractive index sensitivity and enhancement for SERS, the nanomite 
synthesis combines a simple top-down fabrication technique with bottom-up synthesis to 
generate highly decorated, well-arrayed nanostructures. The primary benefits are 2-fold: 




𝐸𝐸𝐸𝐸 =  𝐼𝐼𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆
𝐼𝐼 𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 𝑥𝑥 𝑆𝑆𝑆𝑆𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆  (5.2)  
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stability and it allows for an increase in hot spot density on the nanostructures. Increasing 
hot spot density generates stronger SERS signals by decorating the host with branched 
features. 
We show that the synthesis can be applied to gold nanotriangle (AuNT) and gold 
nanocrescent (AuNC) geometries, which suggests that any fabricated nanoparticle can be 
used as a host for the synthesis of branched nanoparticles, or “nanomites.” Because the 
host nanoparticle retains its unique optical properties, host structures with polarization-
dependent resonance modes and resonances extending into the IR, like the AuNCs, 
maintain these properties after synthesis. AuNCs were fabricated with resonances in the 
IR to evaluate polarization dependence. The synthetic nanomite decoration of these 
AuNCs is denoted as NM@NC. The AuNT host structures ranged in template size from 
120, 190, and 330 nm (NM@NTsize or Au@NTsize).  
 
5.2 Materials and Methods  
  Materials 5.2.1
 Gold pellets were purchased from K.J. Lesker (Clairton, PA). Glass substrates of 
BK7 glass microscope slides were purchased from Ted Pella, Inc. (Redding, CA).Various 
sizes of Aldehyde/Sulfate Latex Beads, 4% w/v, were purchased from Life Sciences 
Solutions, Inc. (Grand Island, NY). Absolute ethanol was purchased from Pharmco-
Aaper. Concentrated H2SO4 and 30 wt % NaOH were purchased from EMD Chemicals. 
Concentrated HCl, and 30% H2O2, ethanolamine (>98%), and HAuCl4 were purchased 
from Sigma-Aldrich. AgNO3 was purchased from Fischer Chemical.  4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid) (HEPES) buffer was purchased from Gold 
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Biotechnology company.  4-Aminothiophenol (97 %) was purchased from Alfa-Aesar. 
Nanopure water (18 mΏ) (Barstead NANOpure Diamond) was used to prepare all 
solutions and rinse glassware after cleaning. 
 
  Substrate Preparation 5.2.2
 Glass microscope slides were cut into 1” x 1” sections and cleaned by immersion 
in piranha acid (3:1 volumetric ratio of H2SO4:30 % H2O2) for 45 min. (Caution: piranha 
acid is a strong oxidizer and has been known to detonate upon contact with organic 
material.) The substrates were rinsed three times with nanopure water and transferred to a 
60 °C detergent bath (5:1:1 volumetric ratio of H2O, NH4OH: 30 % H2O2) for 60 min 
under sonication. Slides were rinsed three times with nanopure water, rinsed with 
isopropanol, dried with N2 and used within one week. CaF2 and silicon wafers were 
rinsed with nanopure water, isopropanol, and then dried with N2. The substrates were 
then treated with ultra-violet ozone cleaning for 10 min (Jelight 342, Irvine CA) and used 
promptly for fabrication. 
 
  Colloidal Lithography 5.2.3
Nanosphere lithography (NSL) and nanosphere template lithography (NTL) were 
used to fabricate the AuNTs and AuNCs, respectively, and have been described 
previously.37-39 Refer to Figure 1.3A and B for schematic representations of fabrication. 
For all host nanostructures, sulfate/aldehyde functionalized polystyrene nanospheres were 
closed-packed onto the desired substrate (glass slides, silicon wafer, or CaF2) using a 




Nanosphere template lithography was used to fabricate nanocrescents. 
Sulfate/aldehyde functionalized polystyrene nanospheres (1.4 μm diameter) were closed-
packed onto the desired substrate (glass slides or silicon wafer). After template 
deposition, the substrates were etched with an oxygen plasma (PlasmaLab 80 Plus, 
Oxford Instruments) for 8 min at 75 W and flow rate of 15 sccms. The substrates were 
placed on 40° mounts and chromium (Cr) and Au were deposited. A 3 nm Cr adhesion 
layer was deposited  (1 Å/s) followed by 30 nm Au film  (1 Å/s), as measured by a quartz 
crystal microbalance (XPC2 Inficon, East Syracuse, NY) under high vacuum (2.0 x 10-6 
Torr). An argon ion milling system (PlasmaLab 80 Plus, Oxford Instruments) was used to 
remove the Au film at a power of 100 W and flow rate of 10 sccm. The polystyrene 
templates were removed by lift-off using transparent tape and samples were stored under 
nitrogen. 
 
  Synthesis 5.2.4
Fabricated AuNT and AuNC substrates were cut into 2.5 cm x 0.8 cm portions for 
the nanomite synthesis. The synthesis protocol is detailed in Section 4.2.4. 
 
  Instrumentation 5.2.5
The optical properties of the NM@NT on glass substrates were characterized by 
transmission UV-vis spectroscopy or transmission Fourier-transform infrared (FTIR) 
spectroscopy. Extinction spectra were collected with a Perkin-Elmer Lambda 750 UV/vis 
spectrophotometer. The λmax was determined using Spectrum software and the center of 
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gravity function. FT-IR spectra of NM@NT and AuNT on CaF2 substrates were acquired 
using a Spectrum 100 FTIR (Perkin Elmer) and polarization data were collected with a 
MID-IR polarizer (SPECAC, Oprington, Kent, England). Raman spectra from samples 
prepared on silicon wafers were collected with a 785 nm PI-200 Laboratory Raman 
Analyzer (Process Instruments, Salt Lake City, UT) at 100 mW. Scanning electron 
microscopy (SEM) (FEI NovaNano 630 equipped with a Helix detector) was used image 
structures. 
 
  Functionalization 5.2.6
Ultraviolet ozone cleaning (10 min) was used to prepare nanoparticle substrates 
for chemical functionalization. To functionalize SERS substrates, samples were 
immersed in 10 mM 4-aminothiophenol (4-ATP) in ethanol for 14 h and rinsed 3 times 
with ethanol and 3 times with nanopure water. 
 
5.3 Results and Discussion 
The decoration of the fabricated host nanoparticles via the nanomite synthesis is 
detailed in Chapter 4. The synthetic routine uses fabricated AuNT and AuNC as host 
nanostructures for a synthetic protocol based on nanostar syntheses.22, 41-42 AuNTs are 
fabricated using nanosphere lithography (NSL).39 Close-packed polystyrene nanospheres 
are deposited on planar substrates and then metal is deposited normal to the surface. 
AuNCs  are fabricated in a similar fashion with NTL, but use oxygen plasma etching to 
reduce the size of the polystyrene templates and samples are placed on 40° mounts. Metal 
is then deposited to under-fill the template and Ar+ reactive ion etching is used to remove 
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unprotected material.37-38 Both AuNTs and AuNCs use a Cr adhesion layer prior to Au 
deposition. Following template removal, the nanoparticles are prepared for synthesis with 
UVO cleaning. The nanomite synthesis is carried out at low temperature (4 °C) to 
promote nucleation of the Au. After the 1 h nucleation phase, the solution is brought to 
room temperature allowing the nanoparticle decorations to grow in size (Figure 5.1B). To 
explore the potential applications of the nanomite-AuNTs (NM@NT) and nanomite-
AuNCs (NM@NC), structures were evaluated for refractive index sensitivity, SERS 
activity, and polarization dependence of the optical response. 
 
  Polarization-Dependent Plasmon Resonance 5.3.1
  Anisotropic nanoparticles with an axis of symmetry are known to have 
polarization-dependent resonance modes. These modes can be used to selectively induce 
the LSPR resonance by controlling the polarization of incident light.  AuNCs were 
chosen as host nanostructures due to the wavelength tunable polarization-dependent 
longitudinal and transverse resonance modes.43 When the longitudinal dipolar resonance 
(long axis) is selected by polarizing the electric field parallel to the long axis, electrons 





 Figure 5.1 SEM images of (A) AuNT330 and (B) 





oscillate from tip to tip leading to confinement of the electron density in those regions 
(Figure 5.2A). The transverse resonance mode (short axis) is selected by polarizing light  
90° relative to the long axis, confining the oscillating electrons between the tip and 
backbone (Figure 5.2B).  
To explore the polarizability of the host nanostructures with the addition of 
nanomite decorations, host AuNCs were fabricated with 1.4 μm templates. NM@NC 
with a short axis LSPR (λSA) at 2220 nm (4500 cm-1) and long axis LSPR (λLA) at 4160 
nm (2400 cm-1)  (Figure 5.3A) were compared to AuNC with λSA of 2564 nm (3900 cm-1) 
and λLA of 5130 nm (1950cm-1) (Figure 5.3B).  There are vibrational peaks centered at 
3000 cm-1 present on the NM@NC and the AuNC spectra due to functionalization with 
dodecanethiol (DDT). While the results of the functionalization with DDT are interesting, 
the polarization-dependent plasmon modes will be the focus of this section. The long axis 
and short axis resonance modes were selectively induced by rotating the polarization of 
light in 10º increments with respect to the structure. The NM@NC spectra show the 
independent excitation of the λLA and λSA resonance modes (Figure 5.3C). At 40º of  
(A) Long Axis (B) Short Axis 
  
Figure 5.2 Near-field enhancement of the electric field of AuNCs. Reprinted with 
permission from  Cooper, C. T.; Rodriguez, M.; Blair, S.; Shumaker-Parry, J. S., 
Polarization Anisotropy of Multiple Localized Plasmon Resonance Modes in Noble 





(A)                    NM@NC 
 







Figure 5.3 SEM images of (A) NM@NC and (B) AuNC.  Scale bars are 500 nm. FT-IR 
spectra of (C) NM@NC and (D) AuNC. 
 


















































rotation with respect to the substrate, the short axis (SA) resonance mode is active o5 
“on” and the long axis resonance mode is “off.” By rotating the polarized light an 
additional 90º to 130º, the long axis (LA) resonance mode is induced. Between 40º and 
130º, the LA and SA LSPR modes are simultaneously induced as demonstrated by the 
presence of both LA and SA resonance peaks.  
The characteristic polarization-dependent induction of the LA and SA resonance 
modes was also observed for the AuNC (Figure 5.3D). This demonstrates that the 
NM@NC maintained the same polarization-dependent resonance behavior as the host 
AuNC. The difference in absorbance intensity between the LA and SA when comparing 
the AuNC to the NM@NC is likely related to structural differences. 
The SEM image of the AuNC (Figure 5.3B) shows pitting in the nanostructure 
that could be caused by over-etching or incomplete film formation during Au deposition. 
The SEM image of the NM@NC (Figure 5.3A) shows interesting details that are not seen 
on the smaller AuNT substrates (Figure 5.1) including background Au structures and 
irregular deposition of Au decorations on the inner rim of the AuNC. The presence of 
background Au particles not associated to the host structure could be due to small islands 
of Au that are not removed during the etching process and serve as host structures. To 
determine if these irregularities influence the amplitude of the LSPR response, future 
work will include sonication experiments to determine if the extraneous background Au 
is attached to the surface. In summary, the nanomite synthesis does not impact the 
polarization-dependent resonance modes of host nanostructures. However, the relative 




  Refractive Index Sensitivity of Nanomite-Decorated Nanotriangles 5.3.2
To investigate the refractive index sensitivity of nanomite decorations, AuNT 
with a 330 nm nanosphere template were fabricated with NSL (Figure 5.1). Refractive 
index sensitivity is determined by placing samples in solutions of increasing RI, and 
measuring the shift of the LSPR λmax (nm) versus the refractive index units (RIU) of the 
solutions. AuNT and NM@NT substrates were placed in cuvettes and the peak shift 
(Δλmax) was measured in air (RI = 1.00), nanopure water (RI=1.33), ethanol (RI=1.361) 
and CS2 (RI=1.63). Figure 5.4A and B show the extinction spectra of AuNT330 and 
NM@NT330, respectively, in the presence of the different refractive index solutions. 
Figure 5.4C and D show the RI vs LSPR shift of each LSPR peak with the sensitivity (m) 
determined using linear regression. Substrates show the presence of two LSPR peaks, one 
at ~600 nm and a very broad peak at ~1000 nm.   
The summary of the peak shifts in response to the change in RI are shown in 
Table 5.2. Decorated structures are more sensitive to the absolute shifts in refractive 
index, as indicated by the larger m for both the ~600 nm and ~1000 nm LSPR peaks 
(Figure 5.4B). For the 600 nm peak, the starting LSPR wavelength (λstart) has a range 
between 620 and 670 nm. The NM@NT has the highest sensitivity with m600 = 375 nm 
RIU-1 compared to the AuNT with m = 57 nm RIU-1, which is a 7-fold increase in RI 
sensitivity.  After 11 days, the NM@NT m600 dropped 70 % from 375 to ~110 nm RIU-1.   
Other fabricated nanostructure in the 600-700 nm range include Au nanohole 
arrays with an m of 159 nm RIU-1 and Ag nanotriangles (AgNT) with an m of 200 nm 





   





Figure 5.4 Extinction spectra of (A) AuNT and (B) NM@NT  in air, water, 
ethanol, and CS2.  (C) AuNT and (D) NM@NT show the refractive index 
sensitivity determination by linear regression of the refractive index vs LSPR 
shift for  ~1000 nm LSPR peak (black) and 700 nm LSPR peak (red). 
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600-700 nm LSPR range, Ag is known to have a higher sensitivity than Au for similar 
structures, so the larger sensitivity of the Au NM@NT compared to AgNT at the same 
wavelength shows that the NM@NT are a significant improvement over undecorated 
AuNT.20, 44 
The amplitude ratio of the 600 and 1000 nm peaks of the NM@NT changed 
between the air and CS2 measurements. Unlike the AuNT which maintained a relatively 
similar amplitude ratio, the amplitude of the 1000 nm LSPR peak of the NM@NT 
decreased relative to the 600 nm LSPR peak amplitude.  The apparent broadening of the 
peak could be partially attributed to the more significant shift (240 nm) of the resonance 
into the near-IR. However, the 600 nm peak also shows broadening for the CS2 spectrum. 
The broadening of these peaks suggest that structural changes are occurring that decrease 
the sharpness of the nanomite decorations. Potential causes include ligand re-organization 
or instability of the ligands to CS2 resulting in structural degradation (i.e. rounding). 
The NM@NT had a 2-fold increase in m1000 compared to the AuNT, although this 
value is convoluted by the λmax positions of 1000 nm and 835 nm, respectively. By being 
further in the near-IR, the NM@NT would be expected to have a higher sensitivity than 












NM@NT 625 375 1100 505 1 
NM@NT 620 104 1023 407 11 
NM@NT 622 119 1045 379 11 
AuNT 665 57 835 234 1 





the AuNT based on relative wavelength position. After 11 days of dry storage, the 
NM@NT m1000 decreased by 22 %. Both AuNT and NM@NT systems show broadening 
for the ~1000 nm peak along with some peak deformation caused by ethanol interference. 
Due to dephasing and increased radiative damping, broadening of the peaks in the 
near-IR and mid-IR is typical for nanoparticles systems and results in a resolution 
reduction. Because of this broadening, others have determined that the best balance 
between sensitivity and resolution for LSPR-based biosensing is between 700 and 900 
nm.45-46 
The variation in m for the NM@NT at 1 day and at 11 days after synthesis 
suggests that the dry storage of the substrates impacts sensitivity. Gold nanoparticle 
solutions are typically stored in some form of buffer or nanopure water in the dark at 4 ºC 
whereas the dry storage at room temperature of the NM@NT may impact the sensitivity 
via structural degradation.22, 28, 47-49 Limited light and cold storage of nanoparticles in 
solution is preferred to prevent aggregation; once the nanoparticles are dried it can be 
very difficult to redisperse the structures.50 While the host fabricated nanoparticles do not 
risk aggregation, the branched structures are maintained by the ligand shell formed 
during synthesis and these ligands can reorganize over time.51 Lacava et al. established 
that Au nanoparticles stored dry at room temperature experience significant changes in 
physical and optical properties, possibly due to ligand loss.49 Therefore, it is possible that 
ligand reorganization could lead to decreased m as high energy facets are no longer 
favored on the nanomite decorations. By storing the NM@NT in a buffer with facet-
passivating ligands, it may be possible to prolong high-energy facet passivation. Further 
work regarding the ideal storage conditions and time lengths is necessary. Regardless, the 
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conservative estimate of a 7-fold increase (57 to 375 nm RIU-1) in sensitivity 
demonstrates an encouraging step forward that could be improved with finer control of 
the decorations’ branch length and width.   
 
  SERS of 4-Aminothiophenol 5.3.3
The same properties of shape control for near-field confinement that make 
plasmonic substrates useful for biosensing, are also beneficial for SERS.52-53 The 
nanomite decorated structures offer aggregation-free substrates that have a high-density 
of branched features. By removing the risk for aggregation, issues with signal fluctuation 
are reduced. To probe the SERS application of the NM@NT, substrates generated from 
three different template sizes (NM@NTsize or AuNTsize) were functionalized with 4-
aminothiophenol (4-ATP) and probed with a 785 nm laser. The area of the substrates was 
determined before and after synthesis by processing SEM images (Figure 5.1) with 
ImageJ to calculate the percent coverage of the total Au structures. This percent is the 
footprint surface area because it does not take into account the 3-dimensional growth of 
the structures. Future work will require AFM data to approximate the structure height and 
topography to provide 3-dimensional surface area.  
The extinction spectra of NM@NT and AuNT are shown in Figure 5.5.  Both the 
AuNT120 and AuNT190 exhibit strong absorption at 350 nm with a shoulder between 400-
500 nm. Going into the UV, the glass substrates begin to absorb, obscuring the LSPR of 
the structures below 350 nm. After synthesis, the substrates generate a peak at 535 nm 
(AuNT190) and at 550 nm (AuNT120). These peaks are the result of red-shifting of the 
LSPR from the obscured region in the 350-500 nm region. The resonance frequency  
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changes with the addition of nanomite branching because the electron oscillation has to  
accommodate for the difference in EM phase between one end of the particle and the 
other. As the structure increases in size, the electrons oscillate over a longer distance, 
shifting the LSPR resonance. As a result, it would be expected that the AuNT120 would be  
further blue-shifted than the AuNT190 due to the 190 nm templates generating larger 
structures in general. The LSPR peak mismatch of template size and LSPR wavelength 
between the smaller AuNT120 (λmax = 550 nm) and the AuNT190 (λmax = 535 nm) could be 
due to poor packing of the smaller nanosphere templates. 








Figure 5.5 Extinction spectra comparing AuNT and NM@NT of the (A) 120 nm (B) 190 
nm and (C) 330 nm templates AuNT before synthesis and after synthesis.  The black line 
indicates the wavelength of the Raman laser source (785 nm). 
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shown in Figure 5.6. The presence of these larger structures shifts the LSPR peaks of the 
AuNTs due to overlap of the resonance wavelength with the NTs, and if the there is a 
larger contribution of the dimers and islands, then the wavelength associated to these 
structures will dominate the spectrum. It should also be noted that structures fabricated 
with very small nanosphere templates tend to have a decrease in structural “fidelity.” As 
template sizes go decrease in size, the film deposition does not fill the interstitial spaces 
between nanosphere templates as effectively. Unique to the NM@NT120 is the presence 
of a shoulder off of the 550 nm peak, likely attributed to dimers formed from during 
packing.  
The AuNT330 (red line in Figure 5.5C) spectrum shows a strong peak at 1170 nm 
with a shoulder centered around 790 nm, although the relative overlap makes λmax 
assignment difficult. After synthesis, the NM@NT shoes a clear formation of a peak at 
 
 Figure 5.6 SEM image of dimers and islands 
formed from discrepancies in the hexagonal close-





684 nm. The large peak at 1170 nm is likely due to high density of islands and dimers, 
although coupling between nanomite branches may also contribute. As shown in the 
previous spectra (Figure 5.4B), the separation of the AuNT LSPR and the island LSPR 
can vary. The corresponding sets (based on template size) of NM@NT and AuNT were 
used to probe the SERS signal of 4-ATP. 
  The SERS baseline-corrected spectra of 4-ATP are shown in Figure 5.7 in 
approximate order of peak intensity. The most prominent peaks are labelled for the 
NM@NT120 and the peaks are assigned in Table 5.3. The bands can be assigned to 
general regions: (1) 1650-1500 cm-1 are C-C stretching modes with CH in-plane bending 
 
Figure 5.7 SERS spectra of 4-ATP on NM@NT  and AuNT fabricated using 120, 190, 
and 330 nm polystyrene templates. Spectra were collected at 100 mW with a 785 nm 
laser source.  
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vibrations; (2) 1500-1350 cm-1 are C-C stretching with weak ring-breathing; (3) 1300-
1000 cm-1 are CH in-plane bending vibrations.54 The inset spectra show the intensity of 
the AuNTs and Au film for the 1079 cm-1 peak attributed to the C-S stretch of 4-ATP. 
The most intense peaks are from the NM@NT120 substrate followed by the NM@NT190 
and NM@NT330. The largest 1079 cm-1 peak for the AuNT substrates is from the 190 nm 
template. 
In the Raman spectra of the NM@NT, the C-C phenyl ring mode peak at 
1591 cm-1 is asymmetric with a broadening towards 1500 cm-1. By referencing the inset 
of AuNT, there is a defined peak at 1554 cm-1. This peak has been found in many spectra 
and has been attributed to the NH2 group and is likely the major contributor to the 
asymmetric peak at 1591 cm-1 for the NM@NT substrates.57-59 
The footprint surface area of the nanoparticles and EFs are summarized in Table 
5.4. Using the 1079 cm-1 peak, the EF and the relative EF of the decorated structure 
compared to the EF of the undecorated host structure was determined. The NM@NT120 
had the largest relative enhancement over AuNT with a nearly 200-fold EF increase 
followed by the NM@NT330 and NM@NT190 substrates. The different intensities are  





1005 CC ring deformation  1362 VCC+δCH 
1080 CS stretch 1431 δCH +VCC 
1176 CH bend 1488 δCC + δCH 
1241 δ CH in-plane 1590 C-C stretch 




attributed to the resonance condition of the nanostructures, as shown in the normalized 
extinction spectra (Figure 5.5). The excitation wavelength is demarked on the extinction 
spectra by the vertical black line. Only the NM@NT120 (Figure 5.5A) has a resonance 
overlap at 785 nm in the form of a shoulder off of the 550 nm peak. The NM@NT190 
(Figure 5.5B) and NM@NT330 (Figure 5.5C) are both off resonance to the excitation 
wavelength (785 nm). The NM@NT190 is blue shifted over 200 nm from the laser 
resonance and the NM@NT330 is merely 100 nm from the laser resonance which 
corresponds well with the EFs; the NM@NT330 EF is larger than the EF for the 
NM@NT190.    
The broader peak at 1000 nm for all substrates suggests that the contribution of 
the synthesis is also taking advantage of smaller islands and nanotriangle-dimers formed 
from poor close-packing of the very small nanosphere templates (Figure 5.6). This is not 
an intrinsically bad property; the nanomite synthesis is taking full advantage of the 
surface. However, this introduces a similar challenge that exists for aggregate-based 
SERS. Depending on the region of a substrate sampled by the probe, a greater or lesser 
portion of the islands may be present, which may impact reproducibility of the signal. It 
Table 5.4 Raman EF of three host template sizes: 120, 190, and 330 nm 
 
Structure Footprint Surface Area (%) 
Peak Intensity  
1079 cm-1  EF EFNM/EFNT 
NM@NT120 9 6214 2100 191 
AuNT120 5 18 11 - 
NM@NT190 6 1663 829 8.4 
AuNT190 3 97 98 - 
NM@NT330 16 843 419 22 




would be more advantageous to use a larger template that produces particles with a 
dominant LSPR at 785 nm with more reliable template packing and future work will 
reflect this approach. 
 
5.4 Conclusion 
Refractive index sensitivity measurements and SERS show that the combination 
of top-down fabrication and bottom-up synthesis generates decorated nanostructures that 
are capable of increased sensitivity and increased enhancement.  The sensitivity of the 
nanoparticles increased the EF one order of magnitude for SERS. However, the smallest 
template structures have poor packing that could lead to decreased reproducibility. This 
can be overcome by moving to larger templates that will have LSPR λmax centered on the 
785 nm. Future work will also evaluate the role of nanoparticle stability and storage. 
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  CHAPTER 6
 
CONCLUSION AND FUTURE WORK 
 
6.1 Conclusion 
This research presented several aspects of engineering the properties of plasmonic 
nanostructures: manipulating surface chemistry to improve thin film deposition, using 
atomic layer deposition (ALD) to probe the fundamental optical properties of gold 
nanocrescents (AuNCs) in the visible and infrared (IR), and generating novel structures 
for surface enhanced spectroscopy. 
The use of ultra-violet ozone (UVO) exposure as a cleaning process for 
reactivating aged Au nanostructures and alumina (Al203) films was explored.1 The 
surfaces of Al203 coated gold nanodisks (Al203-AuNDs) were successfully reactivated as 
shown by the growth of additional Al203 layers as deposited by ALD. The use of UVO is 
believed to increase the uniformity of the Al203 nucleation by generating a hydrophilic 
surface. By systematically approaching the cleaning and deposition of heterogeneous 
surfaces composed of Au nanostructures supported on glass, it was also shown that the 
use of oxygen plasma etches both the AuNDs and Al203-AuNDs. This is an important 




 Ultra-thin films are a significant accomplishment for plasmonic substrates due to 
the exponential decay of the plasmon from the metal surface. As a protective film is 
being deposited, the sensitivity of the plasmon to the local environment decreases 
exponentially. By improving thin film deposition and increasing the hardiness of the 
nanostructures, the physical protection and sensitivity of plasmonic substrates become 
less of a trade-off and approach an ideal system: a plasmonic nanoparticle coated with a 
defect-free thin film with high sensitivity to the local environment. 
Atomic layer deposition was used to investigate fundamental properties of gold 
nanocrescents (AuNCs) by probing the decay length and sensitivity over a broad spectral 
range of resonances. Along with the results from future theoretical work, these results 
will provide insight to the efficiency of nanocrescents in the IR.  
A novel substrate for surface-enhanced spectroscopy was developed that 
incorporates affordable and simple methods from top-down fabrication and bottom-up 
synthesis. This approach used the simple and inexpensive technique of nanosphere 
lithography to fabricate arrayed gold nanotriangles (AuNTs) and a one-pot synthesis to 
generate branched decorations on fabricated structures. These “nanomite” decorated 
structures show excellent enhancement over the undecorated structures in SERS along 
with increased refractive index sensitivity. By applying this to AuNCs, we have also 
shown that any fabricated Au structure can serve as a host to the synthesis while 
maintaining polarization-dependent resonances. This hybrid substrate is a significant 
development because it will allow for high enhancement spectroscopies in complex 
solutions without the risk of aggregation and nanoparticle crashing.  
In collaboration with the Chemistry at the Space Time Center, my research has 
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focused on three aspects of plasmonics: structure protection and surface chemistry 
regeneration with UVO cleaning, and fundamental understanding of plasmon decay of 
the gold nanocrescent, and increased LSPR sensitivity via the nanomite synthesis. The 
use of UVO to regenerate aged Au and Al203 films has already been put in place for long-
distance shipping between Utah and our collaborators’ labs in California. In addition to 
addressing stability for shipping, the oxide coatings protect against structural damage and 
molecular desorption. Future work will expand on the details of optimization and surface 
modification of these processes. 
 
6.2 Future Work 
  Surface Chemistry of UVO and Oxygen Plasma 6.2.1
The focus of UVO compared to oxygen plasma exposure studies were based on 
the LSPR response of AuNDs. Future work should focus on identifying the quantitative 
chemical changes of these two methods as they relate to quality of Al203 film, including 
implementing transmission electron microscopy (TEM) and scanning TEM energy-
dispersive X-ray spectroscopy (S/TEM-EDS). Cross-sectional TEM could provide 
information about the physical thickness of the Al2O3 films as well as changes in the 
diameter of the AuNDs as a function of treatment.  This could also be used to determine 
if the thickness ratios of the Al2O3 change depending on the cleaning process.  While we 
would anticipate that the LSPR shift is indicative of the height of the nanostructure as 
well as diameter, such detailed information could impact the treatment of smaller 
nanostructures or structures with finer details than AuNDs. To date, early results from 
this work has shown that these experiments are not trivial. 
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The need for thin TEM grids requires optimization of the fabrication process for 
the specific needs of the grid that do not necessarily reflect the reality of fabricated 
structures on traditional substrates of silicon and glass. Implementation of X-ray 
photoelectron spectroscopy could provide insight, but also has inherent challenges, 
mostly due to the fact that the surface is heterogeneous and this makes interpretation of 
the results averaged over large areas of the surface non-trivial. This is further complicated 
by the secondary sputtering during the fabrication process, which occurs when Ar+ 
plasma is used to etch background gold, leading to an even more complex interface. To 
overcome some of these issues, work towards these goals has moved to using AuNTs and 
a defect visualization approach.  
With the nanosphere lithography technique for AuNTs, harsh etching conditions 
are no longer necessary which was a significant impediment for using 5 nm lacy carbon 
grids required for TEM imaging of these structures. The defect visualization technique 
takes advantage of the reactivity series of metal using the galvanic replacement reaction 
between Au and platinum (Pt).2-3 In this experiment, pinhole defects expose the Au 
surface of the nanostructure to the  surrounding medium. This exposed Au serves as the 
source of the deposition of Pt particles (Figure 6.1). Followed by TEM and STEM-EDS 
analysis, the chemical surface of the nanostructure could be mapped and the defect 
density based on the cleaning techniques would be calculated.  
In line with identifying the defects using STEM-EDS, the galvanic reaction has 
successfully performed on AuNTs fabricated on glass slides (Figure 6.2). However, 
scaling the fabrication and galvanic reaction from large glass slides to TEM grids have 





Figure 6.1 Platinum deposition scheme for pinhole defect visualization. 
 
Figure 6.2 Platinum deposition on a AuNT. 
Scale bar is 200 nm. 
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nanostructures may be necessary. By using gold-coated TEM grids, the impact of UVO 
and oxygen plasma can still be determined without the complications of sample 
fabrication and polystyrene template removal.  
 
 Gold Nanocrescent Simulations in the IR 6.2.2
Simulations are needed to determine the optical properties that are impacting the 
large nanocrescents that have resonances in the near-IR. It could be that the dielectric 
constant for the Au and Al2O3, though wavelength dependent in the simulations, does not 
accurately capture the physics of the nanoparticles because the values are based on films. 
An interesting approach could be to introduce grain boundaries and see how this affects 
the plasmonic resonance modes.  
  The geometry used for the finite-difference time-domain calculations was 
ideal: flat nanostructure, sharp tips with very little rounding. In collaboration with Dr. 
Nicolas Large and Dr. George Schatz, current work to address the theoretical and 
experimental mismatch includes developing a more realistic geometry of the AuNCs, 
such as rounded tips to modify the trend of the dispersion curves for the x-polarization. 
This is expected to decrease the sensitivity of the theoretical model and blue-shift the 
LSPR resonance. Studies using the adjusted geometry have shown much more accurate 
LSPR response for the smallest nanocrescent geometry investigated.4 The tip-rounding is 






  Nanomite Synthesis 6.2.3
The nanomite synthesis is a novel modification for fabricated structures and as 
such, the kinetics of the reaction and the physics of the nanomite structures, in terms of 
plasmonic response, are unknown. However, the initial work needs to identify the roles of 
ethanolamine, HEPES, and AgNO3. The apparent cooperativity of these capping and 
reducing agents could also be influenced by pH. Because the absence of ethanolamine 
yields nanomite decorations as well as nanoparticles in solution, the role of pH on the 
affinity of the piperazine ring to the non-crystalline host nanoparticles could signify a 
cooperative relationship between the HEPES and ethanolamine. Another option is that 
the host nanostructures are somehow donating the seeds or catalyzing the solution-based 
nanostar synthesis without requiring the nanostars to remain fixed to the substrate.  
Beyond these options, the production of nanostar byproducts could signify that 
ethanolamine only impacts the pH and beyond that, ethanolamine is simply a spectator in 
the synthesis.  
The use of the host nanostructure as a catalyst is particularly interesting. If the 
solution is forming homogenously, that is the nanostar formation is solely based on the 
parent phase (the reaction solution), then the Gibbs free energy required to nucleate and 
then grow is favorable and the nanostructure is not required to catalyze the reaction. 
Determining if the host nanostructures are catalyzing the formation of the nanostars in 
solution, or if pH is the only factor, could provide experimental insight to the effect of pH 
on the surface free energy required for nucleation of the solution based nanostars. If 
catalyzing the formation of the nanostars in solution, the nanomite decorated substrates 
could provide a new route to nanoparticle synthesis over a broader range of experimental 
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conditions by decreasing the activation barrier of nucleation without requiring an 
additional synthesis for seed nanoparticles. If catalytically aiding the formation of stable 
nanostars at biological pH, the potential reusability of the NM@NT substrate for catalysis 
may be promising. 
Another avenue of interest is introducing additional capping agents. While this 
deviates from the simple one-step synthesis scheme, the many branches of the NM can 
serve as the seeds to more advanced facet passivation methods. It is possible that minor 
changes in the current routine can also lead to longer branching, narrower arms, and 
interesting geometries.  
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Figure A.4 Aspect ratio comparison of nanocrescents. (A) Saturation thickness (nm) 
versus length of nanocrescents based on the empirical fit of Eq. 3.1 to experimental 
data. (B) Saturation thickness (nm) versus length of nanocrescents based on the 
experimental data (C) Experimental average maximum LSPR shift (nm) of the 
nanocrescents compared to length (nm). (D) Saturation thickness (nm) versus backbone 
width of nanocrescents based on the analytical fit of Eq. 3.1 to experimental data. (E) 
Saturation thickness (nm) versus backbone width of nanocrescents based on the 
experimental data (F) Comparison of aspect ratios based on SEM images of 
nanocrescents for each template range. (G) Diagrams showing the length, width, and 
height measurements with respect to the nanocrescent geometry. 
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